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Resumo

O aumento das infeccOes flngicas sistémicas associadas a emergente necessidade de
novas alternativas terapéuticas impdem a necessidade de conhecimento dos mecanismos de
controle da expressdo génica relacionados a regulacéo da resposta imune. Dados da literatura
demonstram que as infec¢fes fungicas representam uma impactante causa de morbidade e
mortalidade, especialmente no que tange ao universo crescente de imunocomprometidos.
Compreender as bases da resposta imune protetora do hospedeiro as infec¢des fungicas pode
ajudar a prever a progressdo da doenca e influenciar diretamente o tratamento e o progndstico
do paciente. Ha grande diversidade de espécies de fungos que afetam os seres humanos e
que causam estas infeccdes. Fungos como Paracoccidioides brasiliensis e Cryptococcus
neoformans, entre outros, sd8o 0s agentes etioldgicos da paracoccidioidomicose e
criptococose, respectivamente. As primeiras células a detectar a infeccéo sdo os macrofagos
e as células dendriticas, que reconhecem e fagocitam o fungo desencadeando a resposta
imune inata necessaria a erradicacao da infeccdo. A resposta do hospedeiro a interagcdo com
patdgenos microbianos envolve ampla reprogramacao génica, que é finamente regulada
tanto para conter ou eliminar efetivamente o patdgeno, bem como para orquestrar uma
resposta imune adaptativa efetiva e protetora. Esse estudo visou a caracterizagdo do perfil
transcritbmico de fagocitos em resposta aos modelos de infec¢do por P. brasiliensis e C.
neoformans, a fim de contribuir a um melhor entendimento das bases moleculares da
interacdo patdgeno-hospedeiro. O primeiro trabalho, foi focado na analise do transcritoma
de células dendriticas derivadas da medula éssea (BMDCs) de camundongos resistentes
(A1) e suscetiveis (B10.A) em resposta a infeccdo por P. brasiliensis. O segundo trabalho,
foi direcionado a anlise transcritbmica de macrdfagos derivados da medula 6ssea (BMDMs)
de camundongos em resposta a infeccdo pelas linhagens capsulares (B3501) e acapsulares
(Cap67) de C. neoformans. Neste sentido, empregamos o sequenciamento de RNA para
fornecer uma imagem global da expressdo génica do hospedeiro em resposta aos dois
modelos de infec¢do. Os principais resultados mostraram que as BMDCs do camundongo
suscetivel apresentaram uma resposta mais intensa a infec¢do por P. brasiliensis, sugerindo
que uma precoce reacdo imunoldgica exagerada ao fungo pode estar ligada a suscetibilidade
do hospedeiro. Adicionalmente, as BMDCs reprimem processos/genes envolvidos na
apresentacdo de antigenos, como na atividade lisossomica e na autofagia. Os resultados
sugerem que a deficiéncia nesses processos é parcialmente responsavel pela ativacdo

ineficiente da resposta imune adaptativa no modelo susceptivel da paracoccidioidomicose.
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Por outro lado, os resultados do modelo de infecgéo por C. neoformans mostraram um atraso
na ativacdo de uma resposta imune inata e adaptativa adequada em macrofagos infectados
pela linhagem encapsulada, afetando a apresentacdo de antigenos e a ativacdo dos
macrofagos. Adicionalmente, houve um aumento da modulacdo de varios microRNAS nos
macrofagos infectados com a linhagem encapsulada. Esses resultados contribuiram para a
compreensdo dos mecanismos celulares e moleculares da interagdo patégeno-hospedeiro

entre fagdcitos e fungos patogénicos.

Palavras-chave: paracoccidioidomicose, criptococose, resposta imune, susceptibilidade,

resisténcia, anélise transcritdmica, células dendriticas, macréfagos.
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Abstract

The increase in systemic fungal infections associated with the emerging need for new
therapeutic alternatives imposes the need for knowledge of the gene expression mechanisms
underlying the regulation of immune response. Literature data demonstrate that fungal
infections represent an impacting cause of morbidity and mortality, especially with regard
to the growing universe of immunocompromised people. Understanding host’s protective
immune responses to fungal infections can help predict disease progression and directly
influence patient treatment and prognosis. There is a great diversity of fungal species that
affect humans and cause these infections. Fungi such as Paracoccidioides brasiliensis and
Cryptococcus neoformans, among others, are the etiologic agents of paracoccidioidomycosis
and cryptococcosis, respectively. The main cells detecting the infection are the macrophages
and dendritic cells, which recognize and phagocytose the fungus, mounting an innate
immune response necessary to eradicate the infection. The host’s response to interaction
with microbial pathogens involves extensive gene reprogramming, which is finely regulated
both to effectively contain or eliminate the pathogen, as well as to orchestrate an effective
and protective adaptive immune response. This study aimed to characterize the
transcriptomic profile of phagocytes in response to infection models by P. brasiliensis and
C. neoformans, in order to contribute to a better understanding of the molecular bases of the
host-pathogen interaction. The first work was focused on the analysis of the transcriptome
of bone marrow-derived dendritic cells (BMDCs) from resistant (A/J) and susceptible
(B10.A) mice in response to infection by P. brasiliensis. The second work was directed to
the transcriptomic analysis of mouse bone marrow-derived macrophages (BMDMs) in
response to capsular (B3501) and acapsular (Cap67) strains of C. neoformans. In this regard,
we employed RNA sequencing to provide a global landscape of host gene expression in
response to the two infection models. The main results showed that BMDCs from the
susceptible mouse showed a stronger response to P. brasiliensis infection, suggesting that
an early exaggerated immune reaction to the fungus may be linked to host susceptibility.
Additionally, BMDCs also repress genes/processes involved in antigen processing and
presentation, such as lysosomal activity and autophagy. These results suggest that
impairment at these processes is partially responsible for the inefficient activation of the
adaptive immune response in the susceptible model of paracoccidioidomycosis. On the other
hand, results from the C. neoformans infection model showed a delay in the activation of an

adequate innate and adaptive immune response in macrophages infected by the encapsulated
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strain, affecting antigen presentation and macrophage activation. Additionally, there was an
increase in the modulation of several microRNAs in macrophages infected with the
encapsulated strain. These results contributed to the understanding of cellular and molecular

mechanisms of host-pathogen interaction between phagocytes and pathogenic fungi.

Keywords: paracoccidioidomycosis, cryptococcosis, immune response, susceptibility,
resistance, transcriptomic analysis, dendritic cells, macrophages.
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Capitulo I:

Revisao da literatura



1. Introdugéo

Desvendar as alteracGes na expressdo génica usando metodologias de alto rendimento é
uma questdo central para entender as redes reguladoras envolvidas na resposta imune do
hospedeiro as infeccBes fungicas. Neste contexto, a principal tematica abordada neste trabalho
consiste na analise da expressao génica do hospedeiro na interface da interacdo hospedeiro
murino - fungo patogénico, empregando os modelos de infeccdo por Paracoccidioides

brasiliensis e Cryptococcus neoformans.

Este trabalho estda organizado em capitulos que abordam os itens descritos a

continuagéo:

No Capitulo 1, sdo introduzidos conceitos fundamentais requeridos para o
desenvolvimento desse trabalho. Sdo revisados conceitos a respeito da resposta imune as
infeccdes fangicas, principalmente, relacionados aos fungos patogénicos C. neoformans e P.
brasiliensis. Adicionalmente, é realizada uma descricdo dos miRNAs e sua importancia na
regulacdo da expressdo génica relacionada a resposta imune das infeccBes por patdgenos

microbianos.

Nos capitulos 11 e 111 sdo apresentados os resultados da caracterizacdo do transcritoma
de células dendriticas e macréfagos em resposta as infeccbes por P. brasiliensis e C.
neoformans, respectivamente. Cada capitulo apresenta um background introdutério, métodos
aplicados, resultados, discussdo e referéncias bibliogréficas. Finalmente, sdo levantadas as
principais consideracfes e perspectivas, assim como também sdo apresentados os trabalhos

cientificos publicados durante o percurso do doutorado.



1.1. Relevéancia das infecc¢Ges fungicas

A importancia das infecc¢fes fangicas invasivas aumentou nas Ultimas duas décadas,
representando relevante causa de morbidade e mortalidade, especialmente no que tange ao
universo crescente de imunocomprometidos (pacientes de HIV/AIDS, com doencas
autoimunes, em quimioterapia contra o cancer e recipientes de transplantes de 6rgaos) (1-3).
Hé& grande diversidade de espécies de fungos que afetam os seres humanos e que causam estas
infeccbes. Fungos como Candida albicans, Cryptococcus neoformans, Histoplasma
capsulatum, Paracoccidioides brasiliensis e espécies de Aspergillus e Pneumocystis
representam importantes agentes patogénicos (4-8). O controle dessas infecgdes depende tanto
da acdo de antifangicos eficazes como do restabelecimento funcional da resposta imune (6).

Os fungos P. brasiliensis e C. neoformans sdo considerados 0s principais agentes
etioldgicos da paracoccidioidomicose (PCM) e a criptococose, respectivamente (9,10). Essas
micoses apresentam uma variedade de manifestacGes clinicas, desde uma infec¢do focalizada
até uma infeccdo sistémica, afetando individuos imunocomprometidos e imunocompetentes
(10-12). Dados para o Brasil indicam que: i) a PCM é a micose sistémica mais prevalente, onde
sdo notificados 80% dos casos totais da doenca; ii) a criptococose € destacada como a mais
frequente dentre as micoses sistémicas associadas a HIVV/AIDS, atingindo cerca de 4.316 mortes
entre 0s anos 2000 e 2012; e iii) as estatisticas em relacdo as infec¢des flngicas podem ser ainda
maiores, dado que a notificacdo ndo é mandatoria (10,13,14). Estas estimativas demonstram a

relevancia desses fungos no panorama das micoses no Brasil.

Tais dados incentivam as investigaces de mecanismos envolvidos na imunopatogénese
das infeccBes microbianas, que dependem da espécie do patdgeno, do local da infeccdo e do
estado imunoldgico do hospedeiro (15-17). Nessa perspectiva, a pesquisa cientifica é essencial
ao entendimento das bases moleculares da interacdo hospedeiro-patdgeno, ao conhecimento
dos mecanismos envolvidos na resisténcia/suscetibilidade as micoses, a descoberta de novos
farmacos mais eficazes, assim como de terapias imunologicas que melhorem a resposta do
hospedeiro, e ao desenvolvimento de novas abordagens de intervencdo terapéutica para

controlar as infecgdes fungicas invasivas que ainda sdo um importante desafio (17,18).

1.2. Paracoccidioidomicose

A paracoccidioidomicose é uma micose sistémica geograficamente confinada as regides

tropicais e subtropicais da América Latina, sendo uma das micoses profundas mais prevalentes
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(9,19). Os principais agentes etioldgicos desta infecgdo séo os fungos dimérficos P. brasiliensis
e P. lutzii (20). Além disso, a doenca pode ser causada por pelo menos quatro espécies

filogenéticas do complexo P. brasiliensis (21,22).

As manifestaces clinicas apresentam um grande espectro, desde uma lesdo focalizada
até uma micose disseminada, afetando tanto individuos imunocompetentes e
imunocomprometidos (19,23). Os pulmdes sdo os o6rgdos mais frequentemente afetados,
embora a infeccdo possa se disseminar para outras areas do organismo, incluindo o sistema

nervoso central (24,25).

Esta infecgdo fungica é prevalente no Brasil, Colémbia e Venezuela, no entanto, casos
tém sido relatados desde o norte da Argentina até o sul de México (26). Alguns casos de PCM
tém sido reportados na Europa, Africa e Asia, estando associados & migragao ou viagens (27).
Na América Latina, 0 maior nimero de casos da PCM é reportado no Brasil, com 80% do total,
seguido por Colombia, Venezuela, Equador e Argentina (26). A taxa de prevaléncia da infecgéo
em areas rurais endémicas foi estimada em 45,8% para o Brasil, seguido da Colémbia (45%),
e do Equador (41%). No Brasil, a incidéncia estabelecida em areas endémicas atinge cerca de
4/100.000 habitantes (28). Nas Gltimas décadas, foram observadas mudancas na distribuicéo
geogréfica da incidéncia da PCM. Na regido norte (Amazénia), as taxas de incidéncia
aumentaram (entre 9 - 40 casos/100.000) (25,28). E a décima causa de morte entre as doencas
infecto-parasitarias; e entre 1998 e 2006, foi a principal causa de morte por micoses sistémicas
em pacientes imunocomprometidos (29). A mortalidade associada a PCM em individuos
imunocompetentes é menor do 5%, mas as sequelas sdo permanentemente documentadas, o que

inclui a insuficiéncia respiratoria crénica (12).

O principal fator de risco para adquirir a infecgdo é o trabalho ou atividades relacionadas
com a exposicao ao solo, um reservatorio do fungo. Os agricultores das zonas rurais sdo 0s mais
afetados, por contato com aerossois contendo particulas do solo contaminadas, sendo infectados

pela fase saprofitica do fungo (30,31).

1.3. Paracoccidioides brasiliensis

O fungo dimorfico P. brasiliensis encontra-se naturalmente como micélio no ambiente
(multicelular), onde produze os propagulos infeciosos (ex. conidios ou fragmentos de hifas), e
apresenta forma de levedura (unicelular) quando cresce dentro dos hospedeiros (20,32). O

fungo tem sido associado com outras espécies de hospedeiros mamiferos, sendo principalmente
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isolado das espécies de tatus Dasypus novemcinctus e Cabassus centralis, configurando o
reservatorio natural do patégeno (9,20,32).

A variacdo na temperatura induz a transicdo dimorfica do P. brasiliensis (9). Em
culturas do fungo e no solo, a temperaturas inferiores a 26 °C, apresenta morfologia de micélio,
caracterizada por longos filamentos septados. Em quanto que, nos hospedeiros e em culturas a
37 °C, apresenta morfologia de levedura com brotamentos periféricos e tamanho varidvel (10 -
40 um) (9,19). Essa caracteristica morfologica facilita a identificacdo da infeccdo e,
consequentemente, o diagnostico da PCM (25,33). O atributo do dimorfismo tem sido
estreitamente relacionado com a capacidade patogénica do fungo, dado que linhagens sem
capacidade de transitar para levedura séo avirulentas (34-36).

A parede celular do fungo é uma estrutura complexa composta por glicoproteinas,
peptideos, lipidios e polissacaridos. O conteudo de quitina na parede celular de P. brasiliensis
na fase de micélio é menor em comparagdo com a fase de levedura, com a-1,3-glicana na forma
de levedura e -1,3-glicana na fase de micélio (19,37). Concentragdes altas de a-1,3-glicana e

baixas de galactomanana foram relacionadas a viruléncia do fungo na fase unicelular (19).

Estudos realizados no transcritbma de P. brasiliensis demonstraram ampla
reprogramacao génica na transformacdo morfolégica de conidio para levedura (34). Essa
transicdo dimorfica leva a mudangas na composicao, estrutura e organizacao da parede celular
mediada pela expresséo de varios genes. Alguns exemplos sdo: o gene Pbfks1 que codifica uma
B-1,3-glicana sintase envolvida na alteragdo da composicdo; Pbchs4, que codifica uma quitina
sintase essencial na formacdo da parede celular e que desempenha um papel importante na
viruléncia de P. brasiliensis. Tais alteracbes podem representar um importante mecanismo

adaptativo ao reduzir a resposta imune do hospedeiro (19,38).

Além disso, demonstrou-se que o fungo é capaz de sobreviver e replicar dentro do
fagossomo dos macrofagos, tendo desenvolvido mecanismos para controlar as limitagdes
metabolicas impostas pelas células fagociticas (39). Um destes mecanismos € a adaptacdo do
ciclo do glioxilato, que permite a utilizacdo de compostos de dois carbonos como fonte de
carbono pela levedura (38,40). Desse ciclo participam os genes, icll e mlsl que codificam as
enzimas isocitrato liase e malato sintase, respectivamente (40). Outro atributo de viruléncia do
fungo é produgdo de melanina, que diminui a internalizagdo das leveduras pelos fagocitos e
aumenta a capacidade de resisténcia as espécies reativas de oxigénio (ROS) dentro do
hospedeiro (41).



1.4. Resposta imune a Paracoccidioides spp.

A infeccdo ocorre principalmente pela inalacdo de propégulos infeciosos ou conidios
produzidos pela forma saprofitica do fungo no ambiente. Uma vez dentro dos pulmdes, o
conidio germina na forma patogénica de levedura que € capaz de se espalhar para outros tecidos,
como os linfonodos. A infecgdo inicialmente pode ser assintomatica e ndo progredir para a
doenga, tornar-se latente ou cronica, ou ainda ser erradicada pela resposta imune do hospedeiro
(19,25,26).

Numerosos estudos sugerem que a susceptibilidade ao fungo depende de fatores tais
como a resposta imune associada ao perfil genético, sexo, estado de salde, as caracteristicas
sociodemogréficas e ao estilo de vida do individuo. Assim como de fatores associados com o
fungo como a viruléncia, fenotipo celular e carga fungica (26,28). A adesédo de P. brasiliensis
as células do hospedeiro é o passo crucial para a posterior invasao, colonizacdo e crescimento
(42).

A infeccdo pulmonar pode levar ao desenvolvimento de granulomas, que séo essenciais
para contencdo e destruicdo do fungo, a fim de evitar sua disseminacao pelo organismo (43).
Entretanto, o padrdo do granuloma formado varia em virtude do isolado de P. brasiliensis e da
resposta do hospedeiro. Hospedeiros resistentes a infeccéo por P. brasiliensis, por exemplo, sdo
aptos a formar um granuloma epiteliéide compacto e a desenvolver uma resposta imunolégica
efetiva (26).

Estudos tém demonstrado que durante a infec¢do por P. brasiliensis, a resposta inicial
envolve o reconhecimento do fungo pelos macréfagos alveolares, células dendriticas (DCs), e
células epiteliais alveolares (44). Em termos gerais, as células fagociticas, expressam receptores
de reconhecimento de padrbes (PRRs) na superficie celular ou no compartimento endossémico,
como os receptores tipo Toll (TLRs), receptores de lecitina tipo C (CLRs), receptores do
complemento (CR) e receptores de manose (MRs), dentre outros. Esses receptores medeiam o
reconhecimento de um grupo de padrdes moleculares associados a patdogenos (PAMPS),
presentes na parede celular do fungo (45).

A participagdo dos PRRs no reconhecimento do fungo pelos fagdcitos tem sido
abordada em diversos trabalhos. Em neutrofilos humanos a interagdo com P. brasiliensis levou
a um incremento na expressao do TLR2 e uma diminuicdo no TLR4 (46). Outro estudo aponta
que os TLR1, 2, e 4 apresentaram um aumento da sua expressdo em neutréfilos, embora tenha

sido observada uma diminui¢cdo em mondcitos (47). O receptor Dectina-1 em macrofagos foi
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associado com a fagocitose e eliminagdo do fungo pela ativagdo do inflamassoma NLRP3 (48—
50). Outro trabalho com neutrdfilos, relaciona os receptores TLR4 e Dectina-1 com uma
resposta protetora, enquanto o TLR2 é associado a susceptibilidade (51). Em DCs foi avaliada
a expressdao do TLR2, indicando que esse receptor poderia estar relacionado com a
susceptibilidade a infeccdo (52). No mesmo tipo celular, os receptores TLR4, Dectina-1 e 0 MR
foram associados a protecdo contra a infeccdo (53). O receptor TLR9 demostrou um papel

protetor contra infeccéo pelo fungo (49).

O tipo de resposta celular determina a natureza da resisténcia ou susceptibilidade ao
desenvolvimento da doenca. A resposta imune protetora estd relacionada com um perfil T
helper 1 (Th1) predominante, incluindo citocinas como interferon-gama (IFN-y), interleucina
12 (IL12) e IL2 (26,54). A producéo de IFN-y ¢é particularmente importante na PCM, por ativar
macrofagos e aumentar producdo de 6xido nitrico (NO), que atua como o principal agente
microbicida. Similarmente, estimula os macréfagos infectados a secretar fator de necrose
tumoral-alfa (TNF-a)), necessario para a persisténcia do granuloma (55). A participacdo
neutrofilo e de DCs com eficientes mecanismos de apresentacdo de antigenos também sao
relevantes na protecdo contra a infec¢do (26). Por outro lado, em individuos com PCM a
resposta imunitaria primaria mostra-se incapaz de suprimir o foco da infeccdo (56).
Relacionando-se ao incremento de citocinas do perfil Th2/Th9, em particular IL4, 1L10 e TFG-
B; a preseng¢a de macrofagos ativados alternativamente (M2); eosinofilia e alta producdo de
imunoglobulinas; levando para uma progressiva proliferacdo do fungo e posterior disseminacéo

para outros tecidos (Figura 1).

Diversos estudos demonstram um papel crucial das células dendriticas na resposta
imune contra fungos patogénicos, pelo reconhecimento e fagocitose dos patdégenos, formacéo
do fagossomo, que idealmente, fusiona-se com o lisossomo e leva a eliminacdo do fungo, e a
apresentacdo de antigenos as células T (57,58). O papel central das DCs na imunidade
antifingica, incluida a PCM, é devida a interacdo necessaria entre a imunidade inata, que
reconhece 0 patdgeno, e a imunidade adaptativa, que € essencial para eliminar a infeccéo
(57,58). No estado imaturo, as DCs apresentam uma maior capacidade fagocitica, e séo
especializadas na captacdo e processamento de antigenos, e na producdo de citocinas
inflamatorias como TNF-a, IFN-y, IL12. Por outra parte, as DCs maturas sdo mais efetivas na
apresentacdo de antigenos, migrando aos linfonodos para apresentacdo de antigenos no
complexo de histocompatibilidade (MHC-I e MHC-I1), para as células T (57,59).
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Figura 1. Polarizacdo da resposta imune na paracoccidioidomicose.
A) Ativacdo dos linfécitos T helper. B) Fase efetora da resposta das células-T. Fonte: Martinez
(2017).

A significativa contribuicdo por Calich et al. (1985) com o estabelecimento do modelo
murino isogénico resistente e suscetivel a PCM, tem permitido um maior entendimento da
resposta protetora para essa micose. Camundongos isogénicos da linhagem B10.A apresentam
alta mortalidade e desenvolvem uma resposta imune analoga aos hospedeiros susceptiveis. Os
modelos murinos da linhagem A/Sn ou A/J apresentam uma resposta imune equivalente aos
hospedeiros resistentes (61,62). Em camundongos resistentes, a resposta € associada com a
imunidade celular eficiente, caracterizada por uma polarizacdo em direcdo ao fenotipo de
ativacdo classica (Thl) dos fagocitos, com producéo de citocinas pro-inflamatérias como IFN-
v, IL12 e IL2; baixos niveis de anticorpos especificos para P. brasiliensis e poucos granulomas
compactos com namero reduzido de fungos (62). Por outro lado, em camundongos suscetiveis
a resposta imune é associada a uma diminuida resposta celular, com propensdo de ativacao de
células B, grande quantidade de anticorpos, granulomas difusos com alto nimero de fungos, e
secregéo precoce de IL5, IL10 e TGF-B (61,62).

1.5. Criptococose

A criptococose é uma infecgdo fungica invasiva com diversas manifestacdes clinicas e
que ocorre no mundo todo. Pode representar desde uma infeccdo cutanea simples até uma

infeccdo sistémica que atinge o sistema nervoso central (SNC), causando meningite (10,63).
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Estima-se que no mundo ocorram aproximadamente 112.000 mortes anuais por criptococose
associada a infeccdo por HIV (64). Em regi6es subdesenvolvidas do mundo, a incidéncia e a
mortalidade sdo mais altas, como consequéncia do acesso limitado as terapias antirretrovirais e
antifungicas. Na Africa subsaariana acontece o0 63% das mortes por criptococose associadas a
HIV/AIDS (64).

Embora a maioria dos casos de criptococose, assim como dos 6bitos, ocorra na Africa
(64), hd uma incidéncia significativa na América Latina, especialmente no Brasil e Colémbia
(1001 a 2500 casos/ano), que registram cerca de 4,5 casos por milhdo de habitantes (65). No
Brasil, embora ndo seja doenca de notificacdo obrigatoria, estudos locais sugerem que a
criptococose seja a principal doenca oportunista em pacientes HIV/AIDS em 6% dos casos,
representando a maior causa de meningoencefalite (66). No Norte e Nordeste do pais, estudos
indicam 40% de letalidade por criptococose provocada por C. gattii em criancas
imunocompetentes (67). Ainda no Brasil, a letalidade em individuos soropositivos varia entre
50% e 77% (65).

1.6. Cryptococcus neoformans

Cryptococcus neoformans é um patégeno oportunista que acomete principalmente
individuos imunodeprimidos. E um dos agentes etioldgicos da criptococose, e a causa mais
importante de meningoencefalite fingica no mundo (10,68). A importancia médica desse fungo
aumentou drasticamente apds a década de 1980 em consequéncia da pandemia HIV/AIDS
(3,69). Ha outros fatores de risco para o desenvolvimento da criptococose, como transplantes

de 6rgdos e uso de drogas imunossupressoras, diabetes e quimioterapia contra o cancer (5,70).

O fungo é comumente encontrado em forma de levedura haploide, no entanto, pode
exibir um crescimento filamentoso no ambiente (71). As leveduras apresentam uma capsula
composta por polissacarideos que envolve o fungo e é descrita como seu principal fator de
viruléncia (72,73). No ambiente a capsula confere prote¢do contra a dessecacdo, também da
fagocitose e eliminacdo por predadores unicelulares como amebas (74). No hospedeiro
mamifero, a cpsula confere protecdo contra a fagocitose, o estresse oxidativo e eliminacao por
macrofagos e outros fagocitos (75,76). Além disso, a capsula contribui com o0 25% do total da

viruléncia do fungo (77).

A formacgdo da capsula € um processo estimulado por varios fatores e condigcdes

similares a0 ambiente dentro do hospedeiro como como niveis elevados de CO2, pH
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neutro/alcalino, e privacao de ferro (72). A estrutura capsular é composta principalmente por
glucuronoxilomanana (GXM), que compde ~90% da massa total da capsula, e componentes em
menor proporcao como glucuronoxilomananagalactana (GXMGal ou GalXM) e manoproteinas
(78). Os polissacarideos capsulares possuem propriedades imunomodulatorias podendo atuar
na evasao do sistema imune e, facilitando a sobrevivéncia do patégeno no interior do hospedeiro
(79,80).

Diversos estudos mostraram a correlacao da capsula e a viruléncia. Isso € reforcado pelo
fato que mutantes acapsulares de C. neoformans, sdo considerados avirulentos em modelos
murinos imunocompetentes sem desenvolvimento da doenca (81,82). No trabalho realizado por
Fromtling et al (1982) foram gerados seis mutantes acapsulares (Cap-55, -59, -64, -66, -67, -
70) pelo emprego de mutagénese quimica derivados da linhagem capsular B-3501. A linhagem
B3501 é um isolado clinico com capacidade de desenvolver a infeccdo em camundongos. Apds
3 semanas de inoculacdo intramuscular em camundongos, as linhagens mutantes ndo
sintetizaram a capsula. As linhagens Cap-64, -66, -67 e -70 foram incapazes de disseminar-se
a outros tecidos; apds 21 dias apds infeccdo foram eliminadas dos locais de inoculacao (82,83).
Adicionalmente, nenhum mutante acapsular recuperou a capacidade de sintetizar capsula apds
um ano de cultura, demostrando que as linhagens foram geneticamente estaveis. No entanto,
outros estudos reportam que linhagens acapsulares podem causar uma infeccao persistente de
baixo grado inclusive atingindo o cérebro, ou aumentar a viruléncia quando comparado as

linhagens parentais (84,85).

Uma ampla gama de outros fatores de viruléncia tém sido descrita para C. neoformans,
entre esses pode-se destacar a producdo de melanina e secre¢do de enzimas extracelulares que
contribuem com a patogénese e a modulacdo da resposta do hospedeiro. A melanina protege o
fungo contra diferentes condicdes como: radiacdo ultravioleta, temperatura extrema,
antifingicos e espécies reativas de oxigénio e nitrogénio (86). As fosfolipases sdo enzimas
secretadas pelo fungo que degradam os fosfolipidios das membranas celulares. Essas enzimas
sdo essenciais na disseminacdo extrapulmonar e inibem a eliminacdo do fungo dentro dos

fagossomos dos macrofagos (63).

1.7. Resposta imune a Cryptococcus spp.

A infeccdo naturalmente ocorre pela inalacdo de leveduras dessecadas ou esporos do

ambiente que se alojam nos pulmdes e, em condi¢cdes normais, séo eliminados pelo sistema
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imune do hospedeiro (87). No entanto, em individuos imunocomprometidos, se a infecgdo ndo
é erradicada ou quando é reativada, o fungo pode invadir o SNC causando meningoencefalite
(63,88). A infeccdo nos pulmdes desencadeia uma resposta imune inflamatoria, que envolve a
participacdo de macrofagos, células dendriticas, linfocitos e a producéo de citocinas como TNF-
a, IFN-y ¢ IL-12, associadas a resposta Th1, visando a erradicacdo da infec¢do. Contrariamente,
uma resposta ndo protetora envolve um recrutamento insuficiente de macréofagos e células
dendriticas, com a producdo de citocinas do tipo Th2, como a IL4 (Figura 2) (89,90). Na
maioria dos casos, o0 fungo nédo erradicado pode entrar em um estado de laténcia nos pulmaes,

formando granulomas, sem levar a evolucéo da doenga (91).

Uma vez nos pulmdes do hospedeiro, C. neoformans é fagocitado principalmente por
macrofagos alveolares e células dendriticas. Nesse processo, € indispensavel a participacdo das
proteinas do sistema complemento, levando a deposicdo do componente 3 do complemento
(C3) na cépsula do fungo, como um importante mediador da fagocitose (91). As leveduras
opsonizadas sdo reconhecidas pelos receptores de complemento (CR) CR1, CR3 e CR4,
presentes na superficie dos fagocitos, induzindo a internalizacao das leveduras (Figura 2) (92).
A fagocitose pode ainda ser mediada pelos receptores Fc-y (Fc-yR) dos macrofagos e de células
dendriticas e por meio da interacdo com leveduras opsonizadas por anticorpos (93,94). Neste
caso, a regido Fc dos anticorpos é reconhecida e ligada aos receptores Fc das células fagociticas,
induzindo a fagocitose (92,94). Observou-se ainda que a opsonizagdo com anticorpos produz
mudancas na estrutura da capsula do fungo, que levam a exposi¢do de dominios de unido a

subunidade CD18 dos receptores CR3 e CR4, otimizando a fagocitose (94).

Hé evidéncias de que os MRs participem no reconhecimento de residuos de manose da
parede celular de C. neoformans. Os receptores TLR2 e Dectina-2 (CLR) reconhecem,
respectivamente, moléculas de mananas e a-mananas presentes na capsula do fungo, enquanto
TLR9, presente no lisossomo, reconhece o0 DNA e parece ser o receptor essencial para a

ativacdo da resposta anti-criptococose (45,91).

Um mecanismo de evasdo da fagocitose, selecionado ao longo da evolugdo do fungo,
foi a secrecdo da proteina antifagocitica 1 (Appl), que interage com os receptores do

complemento CR2 e CR3, diminuindo a fagocitose mediada por esses receptores (95).

Ap0s o reconhecimento do fungo pelos PRRs, os macrofagos e ceélulas dendriticas o
fagocitam e, em seguida, a fusdo dos endossomos com o lisossomo, promove a degradacéo do

patdégeno e processamento de antigenos para a apresentagdo as células T, associados ao
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complexo principal de histocompatibilidade de classe 11 (MHC-I1I). Nesse processo, também
ocorre a liberacdo de citocinas, como INF-y, TNF-a, IL12 e IL23, em conjunto, levam & indugéo
de uma resposta imune adaptativa do tipo Thl, necessaria a eliminacéo do patdgeno (Figura 2)
(92).

Embora o ambiente no interior de fagécitos seja extremamente hostil, C. neoformans é
capaz de sobreviver e se replicar no interior dessas células (96,97). A persisténcia no interior
de células fagociticas pode facilitar a disseminacdo do fungo, uma vez que macrofagos
alveolares contendo leveduras em seu interior podem se deslocar do pulméo para outros 6rgaos
(98), servindo assim como carreadores (hipdtese do Cavalo de Tréia). A disseminagdo pode
levar a forma mais grave da infec¢do, que ocorre quando as leveduras atingem o SNC, causando

meningite criptococica (63).
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Figura 2. Estrateégia de escape de Cryptococcus do sistema imune.

As setas vermelhas indicam os mecanismos da resposta do hospedeiro para a eliminagdo do
fungo. As setas pretas indicam a via de escape do fungo ao sistema imune do hospedeiro. Fonte:
Yang et al. (2022).
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1.8. Participagdo de miRNAs na resposta imune

MicroRNAs (miRNAs ou miRs) sdo pequenos RNAs ndo-codificadores (ncCRNAS)
enddgenos, de cerca de 22 nucleotideos (nts), que promovem a repressao pos-transcricional em
organismos eucarioticos (100). Sdo produzidos de forma rapida através de vias canonicas e ndo
candnicas, envolvendo diversas etapas e proteinas no processo. A maioria dos miRNAs sédo
transcritos pela RNA polimerase Il, a partir de regides de éxons ou introns de genes
codificadores, de longos RNAs ndo codificadores ou de regides intergénicas (Figura 3) (101).
O processo de biogénese inicia com a transcri¢do do gene originando um miRNA primario (pri-
miRNA), com uma estrutura de stem-loop. Esse precursor é clivado pela enzima Drosha e o
cofator DGCRS8, o0 qual produz uma molécula de ~70 nt que apresenta estrutura em forma de
grampo (pre-miRNA). Posteriormente, o pre-miRNA € transportado para o citoplasma pela
Exportina-5, onde um complexo microprocessador conformado por Dicer e o cofator TRBP (do
inglés TAR RNA-binding protein) cliva o pre-miRNA gerando um duplex de RNA constituido
pelas fitas 5p e 3p do miRNA maduro. Na Figura 3 é apresentada uma visdo geral do processo

de biogénese dos miRNAs tanto da via candnica, quanto da via ndo canénica.

O duplex de miRNA ¢ integrado no complexo de silenciamento induzido por miRNA
(miRISC), conformado pela enzima Argonauta-2 com atividade de endonuclease, e 0 complexo
TNRCS6 (trinucleotide repeat containing 6 protein). Para induzir a repressdo do mRNA alvo,
uma das fitas é degradada dependendo da estabilidade termodindmica. O complexo miRISC,
identifica um mRNA alvo através da complementariedade da sequéncia do miRNA (100,102).
O mecanismo regulatério envolve o reconhecimento especifico por meio do pareamento de
bases da regido seed do miRNA (uma sequéncia de 2-8 nts do extremo 5”) com uma regido do
mRNA, geralmente em uma sequéncia na regido 3’ ndo traduzida (3’UTR), causando sua
degradacéo e/ou repressdo da traducdo (Figura 3). Sabe-se que um Gnico miRNA pode regular
varios mRNAs diferentes e que um mesmo mRNA pode ser regulado por um grande nimero
de miRNAs. Varios relatos da literatura descrevem a diversidade de processos bioldgicos
regulados por estes pequenos RNAs regulatorios: proliferacdo celular, diferenciacdo, e
apoptoses, entre outros (100,102,103).

Os miRNAs representam uma das principais classes de ncRNAs com papel central na
regulacao da resposta imune inata e adaptativa (100). Esses pequenos RNAs também participam
no controle da resposta inflamatoria (104). Sabe-se que apds o contato com o patdgeno, ocorre

uma reprogramacao da expressdo de centenas de genes tanto na célula hospedeira quanto no
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patdgeno. Entretanto, esse processo deve ser extremamente controlado para eliminar

rapidamente o patdgeno sem causar danos excessivos ao hospedeiro (100).
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Figura 3. Processo de biogénese dos microRNAs.
Viséo geral das etapas das vias candnica e ndo candnica do processo de biogénese desde a

transcricdo do miRNA até a regulacdo do mRNA alvo. Fonte: Rooij et al. (2022).

Varios estudos demonstram um importante papel de diversos miRNAs controlando
processos relacionados a eliminacdo de patdgenos, enquanto assegura um rapido retorno a
homeostase (100,101). Apds o reconhecimento de patégenos pelos fagocitos, se inicia um
processo de ativacdo coordenada de varios sinais que modula a expressao de genes reguladores
das respostas pro-inflamatdria e anti-inflamatoria. Como, por exemplo, a via de ativacdo do

fator de transcricdo NF-«xB, que induz a expressdo de genes pro-inflamatorios, como citocinas
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e quimiocinas (100). Além disso, NF-xkB também regula a transcrigdo de diversos miRNAs,
incluindo miR-21, miR-146a e miR-155, que subsequentemente regulam a resposta
inflamatéria como um feedback adicional para proteger o hospedeiro de uma ativacéo
exacerbada (105-107). No entanto, a capacidade dos miRNAs na modulacao funcional de vias
geralmente depende da convergéncia de seu efeito em varios niveis da determinada via (100).
Por exemplo, a regulacdo do miR-146 que é direcionado para varias moléculas da via de
sinalizacdo e ativacdo TLR/Myd88/NF-kB (Figura 4). Adicionalmente, diferentes miRNAs
podem cooperar na regulacdo alvos chaves da resposta imune em diversos de tipos de células
(100).

Outros estudos demonstraram que TNF-a é capaz de levar a inducdo da expressdo de
miR-155 por meio das vias de sinalizacdo TRAF ou MyD88, ativando o fator de transcricdo
NF-xB, que por sua vez se liga ao promotor do gene MIR155HG (107). miR-155 também atua
como regulador negativo de SHIP1, proteina multifuncional importante em células
hematopoiéticas (108), alguns supressores de sinalizagdo de citocinas como SOCS1 (109) e
SOCS3 (110), igualmente de TAB2 (111), molécula adaptadora em diferentes vias de
transducdo de sinal (Figura 4). Tal regulacdo esta envolvida na ativacdo/inativacao de células
mieldides. SHIP1 e SOCSL1 regulam negativamente as vias de sinaliza¢do ativadas por ligantes
de TLRs, enquanto TAB2 é componente essencial da via de sinalizacdo TLR/IL-1, necessaria
para producdo de citocinas pro-inflamatérias como IL-1p (111).

Outro miRNA potencialmente importante na resposta imune é miR-132, que regula
negativamente a producdo de citocinas pro-inflamatorias como IL-13 e IL-6, por meio da

regulagéo negativa de IRAK4 (interleukin 1 receptor associated kinase 4) (112).

Além do envolvimento de miR-146 na resposta de monécitos humanos ao LPS (105),
demostrou-se posteriormente que o aumento da expressdo desse miRNA é uma resposta geral
de células mieldides ativadas pelas vias TLR2, TLR4 e TLR5 por componentes de superficie
de bactérias e fungos, ou ap0s exposicao as citocinas pro-inflamatérias TNF-o ou IL-1 (113).
A andlise da sequéncia promotora do gene de miR-146a revelou potenciais motivos de ligacdo
a fatores de transcricéo, incluindo NF-«xB, que se mostrou responsavel pela ativagéo do gene de

miR-146a em resposta a LPS.

Entre os mRNAs alvos de miR-146 estdo TRAF6 e IRAK1, dois componentes chaves
da via de sinalizacdo derivada dos receptores Toll, o que indica que o0 aumento na expresséo de

miR-146a e miR-146b pode ocorrer por retroalimentagdo negativa (105). O aumento da
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expressdo de miR-146 também resulta na diminuicdo da produgdo de vérias quimiocinas e
citocinas pro-inflamatorias, incluindo CXCL8, CCL5 (114), IL-6, CXCL8 (115), e IL-1 (116).
Isso sugere que esse MiRNA atue impedindo uma resposta imune exacerbada e reestabelecendo

a homeostase do sistema (117).
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Figura 4. Participacdo de miRNAs na resposta imune contra fungos patogénicos.

A interacdo entre PAMPs e PRRs leva a ativacdo de diferentes vias de sinalizagcdo (MyD88,
CARDY, IRAK, TRAF) que finalmente estimula fatores de transcricdo (NF-xkB, AP-1) que
permitem a producdo e secrecdo de mediadores inflamatérios como citocinas (TNF-a, IL6,
IL1). Varios miRNAs (Mir-155, miR146, miR-21) atuam nesse processo, regulando os niveis
de diferentes moléculas que participam das vias de sinalizagdo modulando a intensidade da
resposta. Fonte: Pakshir et al. (2020).

Enqguanto um esforco consideravel tem sido feito na identificacgdo de miRNAs
regulatorios importantes na resposta imune a infeccdes causadas por bactérias e virus, pouco se
sabe a respeito da regulacdo mediada por esses pequenos RNAs em resposta a fungos
patogénicos. Previamente, foi levantada a hip6tese de que os fungos patogénicos podem
manipular a rede de sinalizacdo de miRNAs alterando os perfis de expressdo durante a evolugdo
da infecgdo (101).
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Anteriormente, Monk e colaboradores (2010) mostraram que miR-146 e miR-155
tiveram a expressdao aumentada em macrdfagos murinos em resposta a inoculacéo de células de

C. albicans mortas pelo calor (118).

Muhammad e colaboradores (2015) investigaram o perfil de expressdo de miRNAs em
células epiteliais respiratdrias de humanos infectados por diferentes espécies de Candida spp;
0s autores demonstraram elevacgdo substancial nos niveis de miR-16-1 e diminui¢cdo na
expressao do miR-17-3p (119). Mais recentemente, Agustinho et al. (2017) reportaram que o
receptor Dectina-1 é o principal PRR que participa no aumento da expressdo de miR-155,
sugerindo que os eventos de sinalizacdo mediados pelos PRRs séo fatores importantes na
regulagédo génica mediada por miRNAs durante as infec¢des por Candida (120).

Em outros estudos, empregando diversas linhagens celulares, observou-se regulacéo
positiva de mMiRNAs associados a resposta imune contra fungos patogénicos, mais
especificamente miR-155, miR-146a, miR-132 e miR-125b em resposta a infec¢do por C.
albicans e P. brasilienses (121,122). miR-155, além de descrito como regulador negativo de
alguns fatores da resposta mediada pela sinalizacdo de TLRs, esta associado a ativacdo de
macrofagos e promove uma resposta imune do tipo Th2 durante infeccdo por C. albicans. Ja
miR-146a é descrito como regulador negativo da resposta mediada pela sinalizagdo dos TLRs
de macrdfagos em resposta a infecgdo por C. albicans (123). miR-146a, miR-155, miR-30b
foram também regulados positivamente na infec¢do de células THP-1 com a linhagem WN148
de C. neoformans (124). Um incremento na expressao do miR-30b foi observado em
camundongos e pacientes humanos em resposta a infeccdo por P. brasiliensis (121,125). Mais
recentemente, Wei et al. (126) demostraram que miR-155 inibe a resposta inflamatéria induzida
pela infeccdo de C. albicans em células dendriticas humanas, regulando o NF-«xB p65.

O aumento das infeccdes fungicas sistémicas associadas a emergente necessidade de
novas alternativas terapéuticas impdem a necessidade de conhecimento dos mecanismos de
controle da expressdo génica relacionados a regulagédo da resposta imune. Dados da literatura
indicam que a paracoccidioidomicose e criptococose sdo importantes infecgdes no mundo,
sendo consideradas um grave problema de salde publica, particularmente em regides que
carecem de recursos médicos necessarios ao seu controle efetivo, convertendo-se em um

desafio para as agéncias de saude mundiais (1,15).

Tendo em vista a crescente importancia das infecgdes fangicas invasivas, dos poucos

dados referentes a reprogramacdo génica na susceptibilidade/resisténcia do hospedeiro, e da
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participacdo de miRNAs na regulacdo da resposta imunoldgica a fungos patogénicos, este
trabalho teve como objetivo investigar a reprogramacao transcritbmica de fagdcitos murinos,

como células dendriticas e macrofagos, em reposta a infeccdo por P. brasiliensis e C.

neoformans.
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Abstract: Most people infected with the fungus Paracoccidioides spp. do not get sick, but approximately
5% develop paracoccidioidomycosis. Understanding how host immunity determinants influence
disease development could lead to novel preventative or therapeutic strategies; hence, we used two
mouse strains that are resistant (A/]) or susceptible (B10.A) to P. brasiliensis to study how dendritic
cells (DCs) respond to the infection. RNA sequencing analysis showed that the susceptible strain DCs
remodeled their transcriptomes much more intensely than those from the resistant strain, agreeing
with a previous model of more intense innate immunity response in the susceptible strain.
Contrastingly, these cells also repress genes/processes involved in antigen processing and
presentation, such as lysosomal activity and autophagy. After the interaction with P. brasiliensis, both
DCs and macrophages from the susceptible mouse reduced the autophagy marker LC3-II recruitment
to the fungal phagosome compared to the resistant strain cells, confirming this pathway’s repression.
These results suggest that impairment in antigen processing and presentation processes might be
partially responsible for the inefficient activation of the adaptive immune response in this model.

Keywords: Paracoccidioides brasiliensis; fungal innate immunity; Dendritic cells; Resistance;
Susceptibility; A/] and B10.A mouse strains; autophagy

1. Introduction

Paracoccidioidomycosis (PCM) is an endemic disease caused by the thermally dimorphic
fungi Paracoccidioides spp. The disease is mainly found in humid tropical and subtropical areas
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of several Latin American countries, especially in Brazil, Colombia, Venezuela, Argentina, and
Ecuador [1-3]. Although the incidence and prevalence are not fully known due to the non-
compulsory nature of its notification, it is deemed the most prevalent systemic mycosis in
Brazil, where 80% of all PCM cases are reported [3]. In immunocompetent hosts, PCM case
fatality rates are usually less than 5%, but it is associated with high morbidity due to frequent
chronic sequelae [4,5]. These morbidity rates are even higher in immunocompromised patients
[5,6]. In Brazil, PCM accounted for approximately 51.2% (1,853) of the total deaths attributed
to the upper respiratory systemic fungal diseases between 1996-2006 [1,6].

Understanding the protective responses of the host's immune system to fungal infections can help
predict disease progression and might directly influence the patient’s treatment and prognosis.
Resistance or susceptibility to P. brasiliensis infection is influenced by several factors, including fungal
inoculum size and genetic background, as well as the host’s age, genetic background, gender, overall
health, the efficiency of antigen-presenting cells (APCs), such as dendritic cells (DCs), B-cells and
differentiated macrophages, the infected site co-stimulatory microenvironment, and the type of CD4* T
helper cell (Th) induced [7-10]. The overall result of these differences and the immune response's
polarization pattern determine the PCM clinical form. A protective host defense mechanism is believed
to be based on cell-mediated immunity with a predominant Thl cytokine (INF-y, IL12, IL2, TNF-«)
production resulting in classical macrophage activation that will kill or inhibit fungal growth [3,11-14].
Though, an increased regulatory T cell activity with excessive immune suppression (high levels of IL10
and TGF-, soluble or membrane-associated with LAP-1, and high expression of CTLA-4/CD152) leads
to the severe forms of the disease [14,15]. In general, a Th2 and Th9 response usually leads to an
uncontrolled inflammatory process (acute form), whereas a deficient Th1 mixed with a Th17 immune
response leads to the chronic form [11-13]. In this sense, the comparative analysis of the early immune
response to a fungal pathogen employing animal models with different immune response profiles could
bring new clues about host-pathogen interaction, the stabilization of immunological patterns, and
disease progression.

Different PCM mammalian (e.g., murine, rat, guinea pigs, hamsters, rabbits) and non-mammalian
models (e.g., amoebas, nematode Caenorhabditis elegans, insect Galleria mellonella) have been used to
investigate distinct aspects of fungal infection and host—fungal interaction in a complex organism, such
as fungal virulence, pathogenesis, immunological response, test pharmacological therapies and find
novel antimycotic compounds [13,16-18]. Albeit, the gold standard for in vivo studies still is the murine
model of infection, and there are well-established models of PCM resistance (e.g., A/Sn or A/] murine
strains) and susceptibility (e.g., B10.A, BIOD2/nSn, and BIOD2/0Sn murine strains), both sharing
high similarity to most common host responses observed in humans [19-25]. The B10.A,
BIOD2/nSn, and BIOD2/0Sn isogenic strains mimic the chronic, progressive, and disseminated forms of
human PCM, whereas the A/Sn or A/J strains have similarities to the regressive or localized forms of
infection [15,19,22]. The preeminent hypothesis in the resistance/susceptibility PCM model is that
susceptibility to P. brasiliensis is associated with a stronger and more efficient initial innate immune
response, which is later heavily repressed [26]. In contrast, resistance is associated with an initially
milder/deficient response that later develops to a resistance pattern in the course of infection [26]. In the
results previously reported by our group, this dichotomy was also found at the molecular level on GM-
CSF- and M-CSF-Induced Bone Marrow-Derived Macrophage from resistant (A/]) and susceptible
(B10.A) mouse strains infected by P. brasiliensis [25].

Dendritic cells (DCs) play a pivotal role in the immune system as the most effective antigen-
presenting cells and a mediator between innate and adaptive immune responses. Their potential for
fine-tuning the host’s responses leading to the control or the eradication of the infection and its role in
PCM has been highlighted in the literature [27-31]. Furthermore, although most in vivo studies focus on
the late immune response presented by both resistant and susceptible mice, these studies suggested
essential differences in the profile of Pattern Recognition Receptors (PRRs) used by these hosts in their
initial interaction with P. brasiliensis [19,22,26,27,32]. As the activation of different PRRs would result in
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different signaling pathways and immune responses, we decided to invest in a broader analysis of gene
expression of Bone Marrow-Derived DCs (BMDCs) from resistant and susceptible mice in response to
P. brasiliensis infection. To achieve this, we have employed RNA sequencing (RNA-seq) to provide a
global picture of early phase host gene expression in response to P. brasiliensis interaction. We found
that BMDCs from the susceptible mouse presented a more intense response to infection, suggesting that
an early immunological overreaction to this fungus might be linked to host susceptibility.

2. Materials and Methods

2.1. Fungal cells and growth conditions

The virulent strain Pb18 of P. brasiliensis was maintained by weekly sub-cultivation in
semisolid Fava-Netto’s medium at 37 °C and used in the experiments after seven days of
growth. Yeast cells were re-suspended in PBS and adjusted to the desired concentration based
on hemocytometer counts using the Janus Green B vital dye to determine viability [33]. Only
cultures with viability greater than 90% were used in our experiments. The virulence of the
strain was maintained by in vivo passages in mice every three months.

2.2. Mouse strains and bone marrow-derived cells differentiation

P. brasiliensis resistant (A/]) and susceptible (B10.A) male mice [19,22,26,34], between 6 and
12 weeks old, were obtained from the Immunology Department of the University of Sao Paulo
Biomedical Sciences Institute, Brazil. The animals were housed with food and water ad libitum
at the Animal Care Center of the Biological Institute of the University of Brasilia, Brazil. The
mice were euthanized, and their bone marrows collected. All procedures involving animals
were performed following the animal use guidelines according to Brazilian laws and approved
by the Committee on Ethical Use of Animals (Proc. UnB Doc 52657/2011).

Bone marrow-derived macrophages (BMMs) and dendritic cells (BMDCs) were generated
from bone marrow cells, as previously described [35]. Briefly, 2 x 10° bone marrow cells were
plated on non-treated 100 mm culture dishes in complete RPMI-1640 medium (Sigma-Aldrich,
MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Thermo Fisher
Scientific), 50 pg/mL of gentamicin, 50 uM 2-mercaptoethanol (Sigma-Aldrich) and 20 ng/mL
recombinant GM-CSF (PeproTech, SP, Brazil). The cultures were incubated for 8 days at 37 °C
in a humidified 5% CO: atmosphere. On the third day, 10 mL of fresh completed medium was
added to the culture. Half of the plated medium was removed on the sixth day and
supplemented with fresh complete medium. Cells were collected on the eighth day, non-
adherent BMDCs in the culture supernatant and loosely adherent cells harvested by gentle
washing. We typically obtain around 80% of these cells expressing MHC class II and CD11c, which
characterize bone marrow-derived DCs [36,37]. The attached BMMs were detached from plates
with TrypLE™ Express (Thermo Fisher Scientific) and were separately collected.

2.3. Ex-vivo infection of dendritic cells from P. brasiliensis resistant and susceptible mouse strains

BMDCs uninfected (control) and infected with P. brasiliensis at a multiplicity of infection
(MQI) of 5:1 were incubated in RPMI 10% fetal bovine serum for six hours in a humidified
atmosphere of 5% CO: at 37 °C. This MOI has been previously shown to be non-deleterious to
macrophage cultures [38,39]. After the incubation time, the culture supernatants were
collected for cytokine and chemokine measurements, and the BMDCs lysed for total RNA
extraction.
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2.4. Cytokine and Chemokine Measurements

The levels of the cytokines TNF-a, IL6, IL10, and the chemokine MCP-1 in the co-culture
supernatants were quantified by a capture enzyme-linked immunosorbent assay (ELISA)
using specific kits from ELISA Ready-SET-Go!® (eBioscience, CA, U.S.A), according to the
manufacturer's instructions. The absorbance values were measured in a spectrophotometer
(SpectraMax M5 - Molecular Devices, CA, USA) and analyzed with the SoftMax 5.2 software.
Cytokine and chemokine concentrations were determined using a standard curve, following
the kit recommendations.

2.5. Resistant and susceptible BMMs and BMDCs ex-vivo infection with P. brasiliensis for LC3
immunofluorescence

Eight hundred thousand (8 x 105) BMMs or BMDCs were plated onto Mattek® glass-bottom
dishes for 24 h (Mattek, MA, USA). On the day of the interaction, cells from five-day-old cultures of P.
brasiliensis were collected, vortexed in PBS, and then passed through a 40 um cell strainer before
counting in hematocytometer. Following that, fungal cells were inoculated on the Mattek® Petri dishes
containing BMMs or BMDCs at a MOI of 1:1. The dishes were incubated for 12 h at 37 °C in the presence
of 5% CO2 to allow infection. After infection, Mattek® dishes were used in immunofluorescence
experiments to locate the microtubule-associated protein 1A/1B-light chain 3 (LC3), widely used to
monitor autophagy [40].

2.6. Immunolocalization of LC3 in infected BMMSs and BMDCs

After 12 hours of infection, the cells were fixed with ice-cold methanol for 10 minutes and
washed with PBS. Afterward, they were incubated with primary antibody (rabbit polyclonal
IgG against human LC3, 1:1000 dilution (Santa Cruz Biotechnology) for one hour at 37 °C.
Subsequently, the cells were washed three times with PBS and incubated with a secondary
antibody (goat IgG against rabbit IGG conjugated with AlexaFluors® 488, dilution 1: 2000,
Thermo Fisher Scientific (MA, USA) for one hour at 37 °C. Following secondary antibody
incubation, the cells were washed three times with PBS, and Mattek® dishes were mounted
with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, MA, USA) and a microscope
coverslip. Mattek® dishes were then observed by epifluorescence microscopy on a Zeiss Axio
Observer Z1 equipped with a 63x NA 1.4 objective (Zeiss, Germany). Micrographs were
recorded with a cooled CCD camera and the Zeiss ZEN software. Image stacks were
deconvolved with a constrained iterative algorithm on Zeiss Zen and manipulated on Adobe
Photoshop. No non-linear modifications were made to the images, and when brightness
adjustments were made, they were applied uniformly to the entire image. To quantify LAP.
the phagocytosed fungal cells in each field were counted as well as the number of
phagocytosed fungal cells positive for LC3. The analysts who performed the counting were
blinded to the identity of the samples. The percentage of LC3-associated phagocytosis (LAP)
was measured by the number of phagocytosed fungal cells positive for LC3 divided by the
total number of phagocytosed fungal cells. As positive control, we made in parallel similar
experiments using BALB/c BMMs infected with C. neoformans or C. albicans (Figure S3), a condition in
which LAP has been previously detected [40].

2.7. RNA isolation

After six hours of interaction, the total RNA of P. brasiliensis infected dendritic cells or
uninfected control cells was isolated using RNeasy® Plus Mini Kit (QIAGEN, Hilden,
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Germany), following the manufacturer's protocol. After the quality analysis (Bioanalyser 2100
— Agilent, CA, USA) and quantification (Qubit® 2.0 Fluorometer - Life Technologies, CA,
USA), 3.5-6.0 ug of total RNA from BMDCs of the different experimental conditions were
prepared for transport at room temperature employing the RNA stable kit (Biomatrica, CA,
USA), according to the manufacturer's recommendations.

2.8. Sequencing Parameters

Twelve barcoded libraries after poly (A) + RNA selection, according to the Illumina
TruSeq RNA-seq methodology, were sequenced from total BMDC RNA samples obtained
from resistant (A/]) and susceptible (B10.A) strains, infected or not by Pb18. Three noninfected
and three Pb18-infected BMDC samples were used from each mouse strain. High-throughput
RNA sequencing (RNA-seq) was subsequently performed using the Illumina HiSeq 2000
Analyzer platform at the Scripps DNA Sequencing Facility, generating paired-end reads of
100 base pairs (bp).

2.9. RNA-seq data analysis

The high throughput pipeline analysis of both transcriptomes of BMDCs from these two mice
strains infected or not with the virulent Pb18 isolate of P. brasiliensis was analyzed as described below.
FASTQ files obtained from Illumina sequencing [41] were evaluated using the FastQC
software [42]. The adapters identified by FastQC were removed using the Cutadapt software
[43], while the low-quality sequences were filtered using PRINSEQ [44]. Qualified reads were
mapped onto the mouse reference genome (mouse build mm10) using TopHat2 [45]. The final
BAM mapping files were ordered and indexed using Samtools [46], followed by a read count
using HTSeq-count [47]. Transcripts with low counts (CPM<1) and not present in at least two
libraries were removed from the analysis.

The differentially expressed genes (DEG) were estimated using the edgeR library,
applying TMM library size normalization and likelihood ratio test, implemented in software
R version 3.6.1 [48]. The false discovery rate (FDR) was controlled by the Benjamini-Hochberg
algorithm [49]. A fold change > +1.4 and an FDR-adjusted p-value < 0.05 were used as cutoff
criteria for differential gene expression.

Genes considered differentially expressed were used for the Gene Ontology (GO) and
KEGG enrichment analysis by ClusterProfiler [50]. Only nodes with FDR-adjusted p-values <
0.01 and p-values < 0.05 were considered statistically significant for GO and KEGG analysis,
respectively. Simplify method was used to reduce the enriched GO terms redundancy. Plots
were produced in R using ggplot2. Heatmaps were generated using the ComplexHeatmap
library and the Gene Ontology database [51].

2.10. Data access

All sequencing data were deposited in NCBI's Gene Expression Omnibus (GEO) database under
accession number GSE158289.

2.11. RNA-seq Validation by Quantitative PCR (RT-qPCR)

We performed RT-qPCR of nine genes (Table S1) related to innate immunity using the same
samples of total BMDC RNA used in the RNA-seq. After DNase I treatment (included in the
RNeasy® Mini Kit Plus), first-strand cDNAs were synthesized from 500 ng of total RNA for
each sample following the instructions for SuperScript III (Invitrogen). The RT-qPCR was

37



performed using SyBr Green Master Mix (Applied Biosystems) with this dye’s standard
cycling condition. Gene expression changes relative to control were estimated using the 2-44¢t
method [52].

The internal control used was the 40S ribosomal protein 59 (RPS9) gene (Table S1), as
described previously by our group [36,39]. Specific oligonucleotides for the genes encoding
MyD88, NF-xkB, TNF-a, and IL13 were designed as described before [39] and based on
sequences obtained from the mouse transcriptome database (http://www.informatics.jax.org).
The oligonucleotide sequences for the genes encoding IL6, IL10, IL12ap35, CXCL10, and
CCL22 were obtained from the PrimerBank database http://pga.mgh.harvard.edu/primerbank/
[53]. All primer sequences are listed in Table S1.

2.12. Statistical Analysis

Three independent experiments were performed for every outcome measured. The
differences between the groups, for all experiments except RNA-seq, were analyzed by
Student’s t-test, two-way ANOVA with Tukey’s multiple comparisons post-test or by Fisher's
exact test. The statistical analysis was performed using GraphPad Prism 7 (GraphPad
Software). A p-value < 0.05 was considered significant.

3. Results

3.1. P. brasiliensis infection triggers widespread transcriptional remodeling in a PCM-susceptible mouse strain

We characterized the early transcriptional response of BMDCs derived from well-established
murine models of resistance (A/]) and susceptibility (B10.A) to PCM after their interaction with
P. brasiliensis [15,22,23]. For that, BMDCs were co-incubated with or without P. brasiliensis cells at a MOI
of 5:1 for 6 hours; afterward, these cells were collected for RNA extraction and sequencing.

For all the samples, each replicate yielded an average of 16 million reads after the sequencing of
both transcriptomes, and all the analyzed samples had more than 97% of their reads mapped to the
mouse reference genome (Table S2). To generate a set of differentially expressed genes in P. brasiliensis-
infected BMDCs relative to uninfected control, for both mouse strains, we adopted statistical and
biological significance thresholds of adjusted p-value < 0.05 and FC > +1.4, respectively.

We observed a significant disparity in the number of differentially expressed genes upon infection
(red dots) between cells derived from both mouse strains, as presented in Figure 1A. BMDCs from the
susceptible strain modulated a much higher number of genes (2278) upon infection with P. brasiliensis
than BMDCs from the resistant strain (221), and both sets have few genes in common (189) (Figure 1B).
In fact, the resistant BMDCs seem to hardly alter their noninfected transcript landscape following P.
brasiliensis infection. This difference was also reflected in the general immune response of both mouse
strains upon infection with P. brasiliensis and could be more clearly discerned by analyzing the number
of Differentially Expressed Genes (DEGs) clustered in the Gene Ontology (GO) terms: Immune
Response, Immune System Process, Inflammatory Response, Innate Immune Response, and Metabolic
Process genes. As presented in Figure 1B and 1C, BMDCs from the resistant A/J strain had only 213 up-
regulated genes and eight down-regulated. In contrast, BMDCs from the susceptible B10.A strain not
only presented a significantly higher overall number of up-regulated DEGs (1,128) but also displayed
1,150 down-regulated DEGs and a higher number of DEGs clustered in those GO terms than in the
resistant strain. It was also interesting to note that the susceptible mouse strain seems to down-regulate
its metabolic processes in response to infection. The complete list of genes is presented in Tables S3 and
S4.

The RNA-seq results were validated using RT-qPCR to assess transcript levels of several genes
related to the innate immune response; namely, those encoding the cytokines TNF-a, IL1{3, IL6, IL10,
and IL12, the chemokines CCL22 and CXCL10, the molecular adapter MyD88, and the transcription
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factor NF-kB (Figure S1). Comparing infected to non-infected cells, a similar increase in TNF-a, IL6, and
IL10 transcripts accumulation and cytokines release was observed for both strains (Figure S1 and S2).
However, the susceptible mice produced significantly higher levels of those cytokines in comparison to
the resistant strain. The MCP-1 (CCL2) release was also stimulated after infection in both mouse strain,
in a similar fashion (Figure S2). Nevertheless, the MCP1-transcript was not differentially expressed after
infection in either mouse strain, which could be explained by the post-transcriptional regulation of
MCP-1 mRNA stability [54,55]. Depending on the stimulus, MCP1-transcript accumulation peak tends
to occur at 2 h returning to normal levels at 4 h [56,57]; in our analyses, both RNA and
cytokine/chemokine samples were collected after 6 h of infection with P. brasiliensis.

3.2. PCM-resistant mouse strain reveals a precise and coordinated immune response upon P. brasiliensis
infection

A selected global GO analysis profile for the DEGs in BMDCs from resistant and susceptible strains
upon infection with P. brasiliensis is represented in Figure 2. Genes modulated by BMDCs from the
susceptible strain significantly clustered in 98 GO terms, of which 12 were down-regulated (Table S5).
Meanwhile, modulated genes from BMDCs of the resistant strain were significantly grouped in 81 GO
terms, all up-regulated (Table 56). Most of the GO biological processes, in both mouse strains, were
involved in innate immunity, its regulation, or in immunity against internalized pathogens (Figure 2).

Further analysis focusing on GO biological processes revealed enrichment of up-regulated genes
in GO immunological processes categories (p < 0.01) in both resistant and susceptible strains (Tables S3
and S4). The resistant BMDCs display fewer DEGs, grouped in a smaller number of categories but
displaying a higher number of up-regulated genes, in an apparent higher interconnected organization
(Figure 3), which might reflect a more precise and coordinated response to infection than the susceptible
BMDCs (Figure 4). Both models shared six up-regulated biological process categories: response to
interferon-beta, cytokine secretion, chemotaxis, regulation of cell killing, positive regulation of
phagocytosis, and production of molecular mediators of the immune response (Figures 2 and 3).
However, they markedly differed in the modulation of some categories. For example, BMDCs from the
resistant strain up-regulated genes related to inflammatory response, positive regulation of cytokine
production, neutrophil chemotaxis, and positive regulation of the apoptotic process (Figure 2). In
contrast, BMDCs from the susceptible strain up-regulated genes involved in macrophage migration,
negative regulation of catalytic activity, innate immunity, and antigen processing and presentation
(Figure 2).

GO analysis performed for the down-regulated genes of BMDCs from the susceptible strain
revealed enrichment for categories related to catabolic processes, mainly involving lipid and small
molecule metabolism, and lyase activity, as well as coenzyme binding, which are in agreement with the
previously observed upregulation of genes involved in negative regulation of catalytic activity (Figure
2; Table S5). We did not observe any significant enrichment (adjusted p < 0.01) of the immunological
process among the repressed genes from the resistant strain BMDCs (Figure 2; Table S6).

In terms of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, a total of 69 up-
regulated pathways clustered in the susceptible strain and 47 in the resistant strain (Tables S7 and S8),
with both strains similarly clustering up-regulated genes in 14 pathways related to immune system
processes, but differing only in their enrichment levels and genes counts (Figure 5).

Among the differences in gene modulation upon infection between the two strains, we noticed a
positive regulation of apoptotic and the leukocyte apoptotic processes only in the resistant model
(Figure 2). In contrast, the susceptible strain presented an up-regulation of several signal transduction
pathways, including pathways involved in DC maturation, adaptive immune response polarization,
apoptosis, and autophagy such as the MAPK, HIF-1, and PI3K-Akt (Figure 5) [58-61].

Similarly to the GO terms, only BMDCs of B10.A strain displayed down-regulation of KEGG
pathways, most related to catabolism. The peroxisome proliferator-activated receptor (PPAR) signaling
pathway, an essential modulator of the immune response, was also down-regulated in this mouse
model (Figure 5).
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.3.3. Resistant and susceptible strains had significant differences in the modulation of genes related to antigen
presentation, autophagy, and lysosome function

Comparing the transcriptomes of P. brasiliensis-infected resistant and susceptible BMDCs, we
noticed some critical differences in the GO and KEGG pathway analysis between the two mouse strains.
The modulation of genes involved in autophagy (GO:0006914), lysosome (GO:0005764), and antigen
processing and presentation (GO:0019882) are highly interconnected and have critical elements
repressed in the susceptible strain, as seen in Figure 6, indicating a decreased functionality of these
pathways (Figures 2 and 5). It is interesting to note that some genes from autophagy, lysosome, and
antigen processing and presentation ontologies are similarly upregulated in both strains (Figure 6).
However, different from the resistant mice, in which the down-regulated genes did not reach the cutoff
limit, the susceptible mice modulated key genes leading to a repression of those pathways; for example,
the upregulation of the transcription factor Hifla (Hypoxia-inducible factor 1ct), and the repression of
catabolic enzymes, related to different exocytosis and endocytosis processes, regulatory enzymes, and
pH altering enzymes, such as SGSH (N-Sulfoglucosamine Sulfohydrolase), SMPD1 (Sphingomyelin
Phosphodiesterase 1), ACP5 (Acid Phosphatase 5), PLA2G15 (Lysosomal Phospholipase A2 Group XV),
PIK3R2 (Phosphoinositide-3-Kinase Regulatory Subunit 2), and ATP6V0OD2 (ATPase H+ Transporting
V0 Subunit D2) (Figure 6; Table S9).

There was also downregulation of critical transcriptional factors, such as TFEB (Transcription
Factor EB - master regulator of lysosomal biogenesis, autophagy, lysosomal exocytosis, lipid catabolism,
energy metabolism, and immune response), proteins such as Deptor (DEP domain-containing mTOR-
interacting protein — mTOR inhibitor), Stx17 (Syntaxin 17 — SNARE essential for fusion of cellular
membranes), Atgl4 (Autophagy Related 14 - determines the autophagy-specific PI3-kinase complex
PI3KC3-C1 localization), Snx14 (Sorting Nexin 14 - intracellular trafficking and required for
autophagosome clearance), and receptors, such as TLR9 (intracellular DNA recognition), H2-DMa (a
subunit of a heterodimeric H2-DM chaperone molecule), Fcgrt (Fc Fragment Of IgG Receptor And
Transporter), HFE (Homeostatic Iron Regulator - membrane protein similar to MHC class I-type
proteins and associates with beta2-microglobulin (beta2M)), NBR1 (NBR1 Autophagy Cargo Receptor)
(Figure 6; Table S9).

Considering processes related to antigen processing and presentation, one of the main DCs
activities, most components of MHC (Major histocompatibility complex) class I and MHC class II
components were not significantly altered in the resistant mice (Figure 6C; Table S9). Notwithstanding,
we observed an enrichment in GO terms related to antigen cross-presentation by those DCs, such as the
“antigen processing and presentation of endogenous peptide antigen via MHC class I/via ER pathway,
TAP-independent” (Figure 2), and “Antigen processing and presentation of endogenous peptide
antigen via MHC class Ib” (Table S6). In contrast, in BMDCS from the susceptible mice, there was
enrichment in several components of GO terms and KEGG pathways related to antigen processing and
presentation (Figures 2 and 5), including the ones observed in the resistant strain, but also of other
components of MHC class I, such as “MHC class I peptide loading complex” and “TAP binding”
followed by downregulation of some MHC II components such as H2-DMa (MHC-IIb). This chaperone
is critical for the release of class II HLA-associated invariant chain-derived peptides (CLIP) from the
MHC II groove, freeing the peptide binding site, which might compromise MHC class II availability in
the susceptible mouse [62] (Figure 6C; Table S9).

3.4. PCM-susceptible mouse strain shows a deficiency in performing LC3-associated phagocytosis of P.
brasiliensis

The susceptible strain transcriptional profile suggested a possible impairment of autophagy in the
mouse model. Given the role of autophagy in the immune response against several microbes and our
work regarding macrophages after the interaction with several fungal pathogens [40,63-65], including
P. brasiliensis [66], experiments were performed to assess differences in LC3-associated phagocytosis
(LAP) after P. brasiliensis infection between the two mouse strains. For this, we infected murine BMMs
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and BMDCs with the virulent strain Pbl8, and after 12 h of interaction, we performed
immunofluorescence experiments with antibodies to LC3, an autophagosome marker which is also a
marker for LAP [67] (Figure 7A). We observed a significant difference in LAP induction after P.
brasiliensis infection between both macrophages and DCs derived from A/] and B10.A mouse strains (p
< 0.0001). The percentage for LAP-positive cells decreased from 10.4% in resistant BMMs to 4.6% in
susceptible BMMs, while the percentage of LAP-positive cells decreased from 14.1% in resistant BMDCs
to 7.4% in susceptible BMDCs (Figure 7B). These differences suggest a possible link between the
macrophages and dendritic cells' ability to perform LC3-associated phagocytosis and
susceptibility/resistance to P. brasiliensis infection.

4. Discussion

In several systemic mycoses, host resistance is associated with cellular immunity and proper
activation of phagocytes, while susceptibility is associated with polarization towards type-2 immunity
(Th2/Th9) and a marked impairment/depression of cellular-mediated immunity [15,68]. In the murine
PCM model, the A/J (resistant) strain portrays an initial more controlled (mild) response to infection
that evolves for activation of cellular immunity and phagocytes, resulting in a limited number of well-
organized granulomatous lesions that evolve into self-healing, abundant neutrophil infiltration, and
fungal destruction [15,20,26,68]. Meanwhile, B10.A (susceptible) shows greater activation of the innate
immune response, leading to excessive NO secretion, which might lead to deletion and anergy of CD4*
cells, defective activation of cellular immunity, culminating in disseminated nonorganized
inflammatory lesions containing high fungal loads [15,20,26,68,69]. Considering those differences, we
decided to further investigate possible differences in the global transcriptional profile of BMDCs from
both strains, focusing on their innate immune response against P. brasiliensis infection after 6 h of
interaction.

We observed that BMDCs from the susceptible mouse presented a more intense and apparently
disorganized gene modulation in response to infection in comparison to cells from the resistant mouse.
Overall, the disparity in the numbers and terms of GO processes and KEGG pathways enriched upon
infection in both groups agree with previous models of PCM resistance/susceptibility [15,69]. Although
A/] and B10.A clustered genes in similar categories when using the immune system process GO
database, the BMDCs in PCM-resistant mice (A/]) are probably mounting a more controlled and precise
response, up-regulating monocyte's and neutrophil's recruitment, apoptotic process, cell killing,
response to interferon-beta, and type I interferon and cytokine production. In comparison, PCM-
susceptible mice (B10.A) induces an inadequate and disproportionate response by direct or indirectly
down-regulating several catabolic processes, essential for lysosomal function, and possibly to antigen
presentation and the PPAR pathway, important in the modulation of inflammatory processes [70,71],
while up-regulating macrophage migration but not neutrophil or monocyte recruitment.

Our transcriptomic results revealed that BMDCs from the resistant mice strain induce gene
expression that, according to the literature, reinforces the idea of differential migration of neutrophils,
while BMDCs from the susceptible mice strain induce macrophage migration during early interaction
with P. brasiliensis. Neutrophils are seen in lesions of PCM patients and experimentally infected mice;
and, when appropriately activated (IFN-y, TNF-a, GM-CSF, IL15), they are able to limit infection and
fungal burden and are important sources of INF-y and IL-17, especially at early stages of P. brasiliensis
infection [72-74]. Neutrophil depletion at chronic PCM phases might attenuate lung fibrosis and
inflammation. However, the absence of those cells at the initial acute phase of PCM exacerbates the
inflammatory response indicating an important role of neutrophils in the early response to P. brasiliensis
infection [75,76].

On the other hand, despite their role in resistance to P. brasiliensis infection, confirmed both in
susceptible and resistant models of infection [77], macrophages can also be a relevant site of fungal
replication and dissemination. Non-activated alveolar macrophages, despite their ability to internalize
yeasts both in vivo and in vitro, are frequently permissive to the multiplication of P. brasiliensis, while
their activation by INFy enhances their microbicidal activity [78]. In conclusion, both phagocytes play
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vital roles in the immune response against P. brasiliensis, albeit in different moments of the host-
pathogen interaction.

Another critical difference observed between BMDCs from susceptible and resistant mouse models
of PCM relies on the modulation of genes related to antigen processing and presentation, a key function
of DCs. Recognition, processing, and presentation of antigens by these cells determine adaptative
response polarization and ultimately define the outcomes of host-pathogen interaction [7]. The
differences in antigen processing and presentation in APCs is dependent, among other factors, on the
rate of lysosomal proteolysis and the proper selection of epitopes [79]. Most genes of MHC class I and
MHC class II components were not significantly modulated in the resistant mice. In contrast, BMDCs
from the susceptible mouse had a broader enrichment in several GO term and KEGG pathway
components related to antigen processing and presentation, especially in the MHC class I components;
this seems to be in agreement with a disproportional early inflammatory profile of the susceptible
mouse.

BMDCs from the susceptible strain also displayed enrichment of GO and KEGG categories related
to the repression of different lysosomal pathway elements. This catabolic repression in the susceptible
strain might impact several processes related to fungal destruction and development of protective
adaptive immune response, such as phagosomal activity, reactive oxygen species production, antigen
presentation, and autophagy [62]. Taken together, these features indicate that fungal cells might remain
longer inside DCs, avoiding effector functions of the immune system in the susceptible mice. In
agreement with this hypothesis, Ferreira et al. (2007) ) had previously described that DCs from PCM-
susceptible mice had a higher phagocytic index but also higher fungal viability after the interaction with
P. brasiliensis than cells from the PCM-resistant mouse model [8].

Another transcriptional difference between BMDCs from both mouse models was the regulation
of autophagy, a process closely related to several components of immunity to infection, including
microbial killing, antigen presentation, and inflammation [80]. In the last two decades, several groups
have described how autophagy can participate in innate and adaptative responses to different microbes.
Furthermore, some pathogens developed ways to manipulate host autophagy for their benefit. LC3-
associated phagocytosis (LAP) is a non-canonical form of autophagy, triggered by the engagement of
surface recognition receptors, and a link between phagocytosis and the autophagy machinery. This
process impacts immune activation and inflammatory response, and it is believed to be a safe pathway
to control the lysosomal degradation of microbial pathogens [81-83]. Despite the lack of a double
membrane autophagosome, LAP shares several of the canonical autophagy components, including
Beclinl, various Atg proteins, the PI3K complex, and the soluble LC3-I conversion into the membrane-
bound LC3-II [81]. So far, LAP has been shown to play a role in the antifungal immunity to several
fungal pathogens, including Aspergillus fumigatus, Candida spp, Cryptococcus neoformans, and Histoplasma
capsulatum [40,63-65]; our group has also been involved in the characterization of this process in the
interaction of P. brasiliensis and macrophages in the last few years [66].

In DCs, antigen processing via autophagy modulates T cell immunity by promoting both
endogenous and exogenous antigen presentation. This process is believed to be the primary intracellular
pathway involved in the non-conventional endogenous antigenic peptide presentation in MHC class II,
making it important in DCs for both self and foreign antigens presentation [62,84]. Autophagy also
contributes to the DCs regulation of cytokine production and cell death. Both autophagy proteins and
NADPH oxidase 2 (NOX2) are required for LC3-associated phagocytosis (LAP), stabilize the
phagosome, and are crucial for the efficiency of MHC class II presentation of extracellular antigens [84].
We observed the repression of several key autophagy genes in susceptible mice, and this autophagic
function repression was confirmed by the reduced percentage of LC3-II recruitment in the phagosomes
of B10.A DCs and macrophages infected with P. brasiliensis in comparison to those from A/] mice.

Among the differences in the autophagy/LAP regulation, there was a significant downregulation
of Deptor transcript and the upregulation of Hifla transcript after infection in BMDCs from the
susceptible strain. Deptor is an inhibitor of mTORC activity and, consequently, an activator of
autophagy. In multiple human myeloma cells, the knockdown of Deptor was shown to trigger apoptosis
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and suppress autophagy [85]. The transcription factor Hiflx is a major regulator of innate immunity
against pathogens and macrophage INF-y dependent control of infection [86,87]. In the interaction of
macrophages with H. capsulatum, Hifla was shown to limit fungal intracellular survival by reducing
the recruitment of LC3-II to the fungal phagosome. In this case, H. capsulatum exploits host autophagy
to survive [87,88]. Contrastingly, results from a parallel project from our group suggest that, in the
interaction of different macrophages with P. brasiliensis, LAP is detrimental for the fungus, reinforcing
this process’s potential role in macrophage ability to deal with this pathogen. In addition to its role in
autophagy, Hifla upregulates inducible nitric oxide synthase (iNOS). In our experiments, BMDCs from
both mouse models up-regulated the NOS2 gene (Nitric oxide synthase 2, inducible); however, the
upregulation in the susceptible mouse was significantly higher, and excessive NO production by the
susceptible mouse was suggested to have a suppressive effect on T lymphocytes activation [69]. Our
results suggest that the upregulation of Hifla might be involved in the lower recruitment of LC3-II to
the phagosome observed in the immunofluorescence assays and also in the increased accumulation of
the iNOS transcript observed in BMDCs from the susceptible mouse.

In conclusion, our results corroborate the previously proposed intense activation of the
inflammatory response in the susceptible PCM mouse model after infection with P. brasiliensis. In
addition to that, we propose that suppression of highly interconnected processes, such as repression of
lysosomal acidification, catalytic activity, and autophagy function, might negatively impact antigen
processing and presentation by BMDCs from the susceptible mice leading to ineffective activation of
the adaptive immune response and susceptibility to this fungal infection (Figure 8). What makes a host
susceptible or resistant to infection is a crucial question for most infectious diseases, and many factors
have been implicated in disease development, such as sex, nutritional status, smoking habits, pollution,
and genetics [89]. Our work reinforces the significance of host genetic background in susceptibility to
fungal infections. These findings might help develop strategies to prevent or treat PCM, such as the use
of DC biomarker detection to predict people with higher risks of developing the disease, information
with significant prognostic impact. Therefore, further in-depth exploration and assessment of these
processes, for example, in vivo, with other cells or different time points of interaction, should help
deepen the comprehension of the molecular mechanisms behind susceptibility/resistance not only for
this neglected fungal infection but also for other infectious diseases.
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Figure 1. Differential Gene Expression of BMDCs from PCM-resistant and -susceptible
strains upon P. brasiliensis infection.

A) Volcano plot showing gene expression changes comparing P. brasiliensis infected BMDCs
derived from the resistant A/J (left) and the susceptible B10.A (right) mouse strains vs. control
(non-infected) samples. The y-axis represents the -logio values of the adjusted p-value and the
x-axis represents the log: values of the fold change observed for each transcript. The top
differentially expressed genes (DEGs: adjusted p-value < 0.05 and fold change > +1.4) are
indicated. B) Venn diagram of positively (red) and negatively (green) regulated genes of A/J
and B10.A mice strains. C) Number of DEGs correlated to different GO terms in A/J and B10.A
mouse strains infected with P. brasiliensis.
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Figure 2. Gene ontology enrichment of differentially expressed genes in BMDCs after P.

brasiliensis infection.

Enriched ontological categories (adjusted p-value < 0.01) associated with up- or down-
regulated DEG in BMDCs derived from the resistant A/J (left) and the susceptible B10.A (right)
mice strains. Dot size represents the enrichment (gene modulated ratio/gene background
ratio) for each GO term. BP: biological process, MF: molecular function, CC: cellular

component.
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Figure 3. Functional interaction networks related to biological process Gene Ontology
terms enriched by genes upregulated in response to P. brasiliensis infection in BMDCs
from the resistant mouse strain, A/].

ClusterProfiler was used to generate the functional interaction networks formed by up-
regulated genes related to the GO Biological Process terms. Dot size represents the number
of genes in each GO term.
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Figure 4. Functional interaction networks related to biological process Gene Ontology
terms enriched by genes upregulated in response to P. brasiliensis infection in BMDCs
from the susceptible mouse strain, B10.A.

ClusterProfiler was used to generate the functional interaction networks formed by up-
regulated genes related to the GO Biological Process terms. Dot size represents the number of

genes in each GO term.
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infection.

Enriched pathways (adjusted p-value < 0.05) associated with up-regulated or down-regulated

DEG for the two murine strains. The x-axis represents the enrichment in each pathway. Dot

size represents the number of genes in each pathway.
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Figure 6. Comparison of selected DEG modulation related to antigen presentation,

autophagy, and lysosome function Gene Ontology terms in BMDCs from resistant (A/])

and susceptible (B10.A) mouse strains upon infection with P. brasiliensis.

A to C) The values in heatmaps represent the fold change for each gene. DEGs: adjusted p-
value < 0.05, and fold change > +1.4.
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Figure 7. LC3-associated phagocytosis of BMMs and BMDCs from A/J and B10.A mice upon
P. brasiliensis infection.

BMMs and BMDCs were co-cultured with P. brasiliensis at a MOI 1:1 for 12 h and treated with
anti-LC3 fluorescent antibody. A) The localization of LC3-associated phagocytosis (LAP) was
assessed by fluorescence microscopy. The fluorescence images were processed by
deconvolution using a constrained iterative algorithm. The arrows point to cells that are
surrounded by the autophagosome marker LC3. Scale bar: 10 um. B) The percentage of LC3-
associated phagocytosis (LAP) was measured by the number of phagocytosed fungal cells
positive for LC3 divided by the total number of phagocytosed fungal cells. Data are presented
as mean = 95% C.I. (n=3 independent experiments, **** p < 0.0001 using Fisher's exact test).
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Figure 8. Schematic model of major transcriptional differences of BMDCs from resistant (A/]) and

susceptible (B10.A) mouse strains upon infection with P. brasiliensis.

BMDCs from the susceptible strain displayed a more intense activation of inflammatory response

followed by the downregulation of autophagy, lysosome activity and apoptosis, all processes involved

in antigen processing and presentation and the activation of adaptive immune response. In contrast,

BMDCs from the resistant mouse induce a mild inflammatory response with preserved functionality of

autophagy, lysosome activation and apoptosis which might lead to more efficient antigen processing

and presentation and proper activation of adaptative immune response.
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Capsule Matters: Cryptococcus neoformans’ capsule effect on the
macrophages’ immune response landscape

Abstract: Polysaccharide capsule is a relevant virulence factor in cryptococcal infection.
This structure has been previously associated with many protective functions, including the
inhibition of phagocytosis, reduction of host immune responses, and depletion of complement
components. The main components of capsular material are glucuronoxylomannan and
galactoxylomannan, two polymers with potent immunomodulatory properties in vivo and in
vitro, such as the suppression of both innate and adaptive immune mechanisms. In this study,
we employed in vitro primary murine macrophages infection, gPCR-array of micro-RNAs, and
high-throughput RNA sequencing to compare the macrophages responses to genetically
equivalent encapsulated (B3501) and nonencapsulated (Cap67) Cryptococcus neoformans
strains. We analyzed the data in terms of subset composition, gene, and microRNASs signatures,
enriched pathways, and transcriptional regulatory networks. Although, both infection models
induced modulation of genes related to inflammation and adaptive immune responses there was
a significant delay in the transcriptomic response of the encapsulated yeasts-infected
macrophages. Interestingly, an increased diversity of differentially expressed miRNAs was
detected in the early stage of macrophages infection with the encapsulated strain. Considering
the multiples roles of miRNAs in regulating gene expression, these findings provide some
insights into the molecular mechanisms behind the immunomodulatory role of C. neoformans

capsule during its interaction with macrophages.
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1. Introduction

Over the last decades, epidemiological studies pointed out that the prevalence and mortality
by pathogenic fungal infections have increased worldwide (1-3). The cryptococcosis is a
systemic mycosis caused by the Cryptococcus neoformans and Cryptococcus gattii species
complex, mainly in immunosuppressed individuals (4). Approximately 112,000 annual deaths
are related to Cryptococcus spp. infections in HIV/AIDS patients worldwide (5).

Macrophages and dendritic cells are crucial components of the innate immune system in the
lungs and are considered key effectors in the immune response against C. neoformans. These
cells recognize the C. neoformans yeasts, phagocytize them, and promote their destruction
inside the phagosomes. Cytokines and chemokines, such as interferon-gamma (INF-y), tumor
necrosis factor-alpha (TNF-a), interleukin-12 (IL12), IL17A, IL23, C-X-C motif ligand 9
(CXCL9), CXCL10, and CXCL11 are released by infected cells (6-10). Phagocytic cells also
produce reactive oxygen (ROS) and nitrogen species (RNS), among myriad antimicrobial
molecules, and present antigens to T cells, thus triggering the adaptive immune response that
leads to the induction of a protective Thl-type immunity (10,11). Conversely, C. neoformans
evolution selected sophisticated defense mechanisms to evade the host innate and adaptive
immune responses. This fungus can survive and persist in both intracellular and extracellular
mammalian hosts environments, which hampers its eradication from mammalian host organs
(12-15).

In the environment and inside the host, C. neoformans produces a characteristic
polysaccharide capsule, composed primarily by glucuronoxylomannan (GXM) and minor
components such as galactoxylomannan (GalXM), mannoproteins, and some lipids (16-19).
This structure hinders phagocytosis preventing fungal recognition by the PRRs. The capsule
also depletes complement components, and prevent dendritic cells maturation, antigen
presentation, and the production proinflammatory cytokines (20-25). In addition to the capsule,
laccases and melanin production confer protection to C. neoformans from ROS and
antimicrobial drugs (21,26,27). Other enzymes, such as ureases, proteases and phospholipases

increase the resistance to the host defenses (27).

The refined understanding of the host-pathogen interaction is crucial to the development of
efficient strategies for controlling fungal infections. This requires the elucidation of the
molecular mechanisms underlying fungal pathogenesis. The capsule seems to be essential for

fungal survival in the host's cells, and acapsular C. neoformans strains are normally avirulent
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(28-30). However, little is known about the molecular mechanisms behind the
immunomodulatory effects of this fungal structure during host-pathogen interactions. The
present work aimed to compare the macrophages transcriptomic expression profiles after
infection by genetically equivalent encapsulated and nonencapsulated C. neoformans strains.
Gene ontology and KEGG enrichment analyses were performed to evaluate potentially different
signaling pathways activated by the fungal infection. Our results revealed strain-specific gene
expression profiles. A response consistent with a delay in triggering an adequate innate and
adaptive immune responses was observed in macrophages infected by the encapsulated strain.
Conversely, there was an increased modulation of several miRNAs by macrophages infected
with encapsulated strain. These findings contributed to the understanding of host-pathogen

interaction mechanisms between mammalian cells and C. neoformans.
2. Materials and methods

2.1. Ethics statement

All animal procedures were performed per national and institutional guidelines for animal
care and were approved by the University of Brasilia (UnB)'s Animal Ethics Committee (Proc.
UnB Doc 52657/2011) (31).

2.2. Fungal Cells and Growth Conditions

C. neoformans strains used for these experiments were the encapsulated B3501-A (B3501)
and the non-encapsulated mutant cap67A (Cap67) (32). Yeast cells were grown by streaking to
single colonies on YPD agar plates (containing 1.0% yeast extract, 2.0% peptone, 2.0%
dextrose, and 1.5% agar; pH 7.2) and incubation for 2 or 3 days at 30 °C. All the strains were
stored in 35% glycerol at -80 °C. For the infection assays, a single colony was seeded in YPD
liquid medium and incubated at 30 °C for 24 h with shaking (150 rpm). The culture was then
centrifuged at 1000 x g for 5 min at room temperature and washed thrice with phosphate-
buffered saline (PBS; 1X). Yeasts were counted in a hemocytometer, and the cell density of the
suspension was adjusted to 1 x 107 cells/mL. Before infection, opsonization of yeast cells was
performed in RPMI-1640 medium (Gibco) containing 20% fresh mouse serum at 37 °C in 150

rpm for 30 min.

2.3. Bone Marrow-derived Macrophages cultivation
Bone marrow-derived macrophages (BMDMs) were obtained, as previously described (33),

by extracting the bone marrow from femurs and tibiae of 8 to 12 weeks old BALB/c mice
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(Animal Center of the Institute of Biological Sciences - University of Brasilia) and culturing
the cells in vitro on non-treated culture 100 mm Petri dishes, containing complete RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco), 50
pg/mL of gentamicin, 50 uM 2-mercaptoethanol (Sigma-Aldrich) and 20 ng/mL recombinant
GM-CSF (PeproTech). The cultures were incubated for 8 days at 37 °C in a humidified 5% CO>
atmosphere. Complete RPMI 1640 medium (10 mL) was added to the culture on day 3. On day
6, half of the volume was replaced by 10 mL fresh medium. On day 8, BMDMs were detached
from the plates with the TrypLE™ Express reagent (Gibco) and collected.

BMDM cells were then centrifuged at 300 x g for 5 min and washed twice with PBS. The
supernatant was discarded, and the cells were resuspended in PBS/2% FBS (blocking/washing
solution) for 30 min to block non-specific antibody interactions. For macrophage surface
markers identification, cells were incubated for 1 h with the monoclonal antibodies anti-CD11b,
conjugated to the APC fluorophore (eBioscience), and anti-F4/80, conjugated to the PE
fluorophore (Abcam), according to the manufacturer's instructions. As control for non-specific
labeling, isotypic antibodies conjugated to APC were used. Subsequently, the cells were washed
twice with a blocking/washing solution, acquired in the flow cytometer (BD FACSVerse™),
and analyzed using the FlowJo software, version X. Around 85% of these cells expressed F4/80
and CD11b markers, which characterize bone marrow-derived macrophages (Additional

information: Figure Al).

2.4. Host-pathogen interaction experiments

Approximately 5 x 10* BMDMs were plated onto each well of 96-well polystyrene
microplates containing 100 uL of RPMI medium supplemented with 10% FBS. The cultures
were incubated for 24 h at 37 °C in a humidified 5% CO2 atmosphere. The supernatant was
removed, and the cells were infected with 1 x 10° yeast cells previously opsonized with 20%
mouse serum, using a multiplicity of infection of 2 (MOI = 2), in 100 uL of RPMI medium
supplemented with 10% FBS. Phagocytosis assays were performed at 2-, 4-, 6-, and 24-hours
post-infection (hpi). For the quantification of phagocytosis, cells were fixed and stained with a
Fast Panoptic kit (Laborclin). Under an Axio Observer GmbH microscope (Carl Zeiss
Microscopy), two hundred macrophages were counted per well to determine the number of
macrophages that phagocytosed one or more yeasts, considering the total number of counted

cells.
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Fungal survival after the interaction with BMDMSs was performed after 4 or 24 h of co-
culture. After 4 h of incubation, the macrophages were washed with PBS to remove
extracellular and loosely attached yeasts. Internalized yeast cells were released by macrophages
lysis with 0.05% SDS and plating fungal cells in YPD agar for colony forming units counting.
For the 24 h assay, supernatant and lysate were pooled together to contemplate non-lytic

exocytosis.

For RNA extraction assays, approximately 1 x 10° BMDMs were plated onto each well in
6-well tissue culture plates containing 2 mL RPMI medium supplemented with 10% FBS and
incubated at 37 °C in a humidified 5% CO> atmosphere for 24 h. The culture supernatant was
removed, and 2 x 10° mouse serum opsonized yeast cells, in RPMI medium/10% FBS, were
transferred to each well. The co-cultures were then incubated for 4 and 24 h at 37 °C in a
humidified 5% CO; atmosphere. After 4 h, noninternalized yeast cells were removed by washes
with PBS. For the 24 hpi assays, 2 mL of fresh pre-warmed RPMI medium/10% FBS were
added to wells.

2.5. RNA extraction

After 4 and 24 h of infection, co-cultures were washed with PBS, and BMDMs total RNA
was extracted by using the mirVana™ miR isolation kit (Ambion, LifeTechnologies),
according to the manufacturer’s instructions. The total RNA fraction, depleted of small RNAs
(< 200 nt), and the miRNAs enriched fraction, were recovered in different tubes. The samples
were stored at -20 °C, quantified by NanoDrop ND-2000 (NanoDrop technologies) and
evaluated by Bioanalyzer 2100 (Agilent Technologies). All samples showed high quality and
integrity (RNA Integrity Number - RIN > 9) (Figure A2 and Table Al).

2.6. High-throughput RNA-sequencing and transcriptomic data analysis

RNA-seq libraries were prepared by the rRNA negative selection and barcode technology,
in order to generate 100-bp paired-end cDNA reads. RNA was sequenced by the Illumina HiSeq
2000 system (Macrogen Inc, Korea) using the standard Illumina protocol for high-throughput
sequencing. Approximately 16 to 28 million paired reads were obtained for each library (Table
Al).

The FASTQC software was employed for the sequenced reads quality determination
(34,35). After clipping and trimming by the CUTADAPT software (36), the reads were mapped
to the Mus musculus reference genome (GRCm38.74) using TopHat, and HTSeq software

estimated the transcripts abundance in each sample (37,38). The differentially expressed genes
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(DEG) were identified by the edgeR package, applying TMM library size normalization and
likelihood ratio test, implemented in R version 5.1 (39). Transcripts present in low counts (CPM
< 1) and not present in at least two libraries were removed from the analysis. The DEG cutoff
criteria were a fold change level > 2.0 and an adjusted p-value < 0.05. The false discovery rate

(FDR) from obtained p-values was controlled by Benjamini-Hochberg algorithm (40).

2.7. Functional enrichment analysis

Differentially expressed genes were annotated with their gene ontology using data from
org.Mm.eg.db R package and located within biochemical pathways. Genes considered
differentially expressed were used for Gene Ontology and KEGG (Kyoto Encyclopedia of
Genes and Genomes) (41) enrichment analysis by clusterProfiler (42). Only nodes with FDR-
adjusted p-value < 0.05 were considered statistically significant, unless otherwise stated. The
Simplify method from clusterProfiler was used to reduce the enriched GO terms redundancy.
The inflammatory response score was determined by calculating the average expression of
genes in the GO term inflammatory response (GO: 0006954), and the significance was

calculated using a two-sided Wilcoxon test. Plots were produced in R using the package

ggplot2.

2.8. Quantitative Real-Time Polymerase Chain Reaction

The mRNA levels of multiple genes related to the innate immunity were evaluated using
RT-gPCR. After DNase | treatment (DNase | Amplification Grade, Invitrogen), total RNA was
reverse transcribed from 500 ng of total RNA employing the High-capacity cDNA reverse
transcription kit (Applied Biosystems). The gPCR reactions were performed on a 7500-Fast
thermal cycler (Applied Biosystems), with the fast SYBR-green PCR master mix (Applied
Biosystems) following the manufacturer’s instructions. The 40S ribosomal protein S9 gene
(RPS9) served as housekeeping control. The fold change in co-cultures was compared to the
control groups for 4 and 24 hpi, by the 222t method (43). The primers sequences are listed in
Table S1.

2.9. Quantitative Real-Time PCR-Array for miRNA expression analysis

The RNA fractions enriched with small RNAs, obtained in the host-pathogen interaction
experiments at 4 hpi, were evaluated for the expression of miRNAs. Small RNA samples were
reverse transcribed from 25 ng using the miScript Il RT kit (Qiagen). The qPCR reactions were
performed on a 7500-Fast thermal cycler (Applied Biosystems) with the Immunopathology

miRNA PCR Array kit (SYBR® Green; Qiagen), following the manufacturer’s instructions.
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The MIMM-104Z plates, which allow the simultaneous analysis of 84 miRNAs differentially
expressed in control and infection conditions, were employed. The miRNAs accumulation
analysis was performed by relative quantification by the 224t method (43), employing
SNORD95 and SNORD96A as constitutive internal controls. Enrichment analysis for
molecular pathways was performed with the experimentally validated miRNA targets from
TarBase v7.0 database. KEGG enrichment analysis was carried out through Diana Tools

mirPath, applying Fisher’s exact test and the p-value adjusted by FDR was reported (44).

2.10. Cytokines measurements

Host-pathogen interaction assays were performed, as previously described, to evaluate the
macrophages responsiveness to the stimulus by C. neoformans yeasts or by LPS (100 ng/mL;
Escherichia coli O111:B4; positive control). The culture supernatants were recovered and
centrifuged at 1000 x g for 5 min, transferred to Eppendorf tubes and stored at -80 °C.
Noninfected macrophage cultures were used as negative control. The levels of the cytokines
Tumor Necrosis Factor-alpha (TNF-a) and Interleukin 10 (IL10) in the co-culture supernatants
were quantified by a capture enzyme-linked immunosorbent assay (ELISA; DuoSet® kit -
R&Dsystems). The absorbance values were determined with the SpectraMax M5 (Molecular
Devices) spectrophotometer and analyzed by the SoftMax 5.2 software. Cytokine
concentrations were determined from a standard curve, following the manufacturer’s

recommendations.

2.11. Statistical analysis
Data are presented as the mean * standard deviation (SD), unless otherwise stated. Three

independent experiments were performed in technical triplicate. The multiple group
comparisons were conducted by one-way analysis of variance (ANOVA), followed by the
Dunnett's post-test. The comparison of proportions was performed by the Chi-square test. The
p-value < 0.05 indicated statistically significant difference. The statistical analyses were
conducted with the GraphPad Prism software, version 7.0.

3. Results

3.1. General aspects of host-pathogen interaction experiments
The present study focused on the interaction of bone marrow-derived macrophages with the
C. neoformans strains B3501 (capsular) and cap674 (a B3501-derived acapsular mutant),

characterizing differences in macrophages transcriptomic response to infection with each strain.

69



Initially, we analyzing the macrophages responsiveness to fungal strains by evaluating the
phagocytic activity at 2-, 4-, 6-, and 24-hour post-infection (hpi) (Figure 1A). The phagocytosis
rate increased from 80% at 2 hpi to 90% at 24 hpi for the B3501 strain. In contrast, no significant
changes were observed for infection with Cap67 (92% phagocytosis rate throughout time). We
defined the interaction time as 4 and 24 hpi for the subsequent experiments to represent the

early- and late-stage responses between macrophages and fungal cells.

The fungicidal activity significantly differed between the B3501-infected and the Cap67-
infected macrophages (Figure 1B). Fungal survival rate was higher for B3501 than for Cap67
at 4 and 24 hpi (p-value < 0.01). No major differences in the B3501 strain survival were detected
between 4 and 24 hpi. A significant reduction in CFU counts was identified for Cap67 at 24 hpi
(p-value < 0.05). Additionally, to confirm the macrophages activation, we quantified the
cytokines TNF-a and IL10. An increment in TNF-o secretion by macrophages infected with
both strains was verified (p-value < 0.01). The IL-10 secretion was not altered between strains
(Figure 1C, D).

Principal Component Analysis (PCA) was used to generate a genome-wide overview of
macrophages response to infection by C. neoformans B3501 and Cap67 strains, as well as for
uninfected macrophages. At 4 hpi, the first principal component (PC1) separated uninfected
cells from infected macrophages. The Cap67-infected group differed from uninfected and
B3501 groups, corresponding to 87% of the variance (Figure S1A). This indicated that the
B3501-infected group is transcriptionally more similar to the uninfected control than to the
Cap67-infected group. Clear and distinct clusters were formed at 24 hpi, separating the infected
and uninfected groups, thus suggesting that the variation in gene expression results from the
interaction with yeast cells (82% of the variance in the PC1; Figure S1B). The second PC (PC2)
separated macrophages infected by B3501 from the ones infected by the Cap67 strain (15% of
the variance), indicating different responses elicited by each strain. One of the B3501-infected
biological samples presented a quite different PCA and was excluded from the following

analyses (Figure S2).

3.2. Differential gene expression analysis of macrophages infected by C. neoformans
To better understand transcriptional changes at the gene level, we used a differential gene
expression analysis to identify the group of genes that were significantly modulated in response
to the infection by each strain. Significantly differentially expressed genes (DEG) were defined

as those with a fold-change threshold of > +£2 between the fungal-infected cells and the controls
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and an adjusted p-value < 0.05 to control the false discovery rate (FDR). Considering this, at 4
hpi, a global DEG overview displayed different transcription patterns between macrophages
infected by C. neoformans B3501 and Cap67 strains (Figure 2A). We identified 187 DEG in
macrophages infected by B3501. Among these, 136 genes were upregulated and 51
downregulated. On the other hand, 957 and 458 genes were up and downregulated, respectively,
upon infection with Cap67 (Figure 2B). The infection with B3501 evoked less genes related to
innate immune, inflammatory responses and metabolic processes than the infection with Cap67
(Figures 2C). The B3501 pattern was more similar to the one of uninfected macrophages, while
infection with Cap67 was characterized by an intense accumulation of several transcripts related

to immune system processes.

At 24 hpi, we identified 2006 genes differentially expressed by macrophages after the
infection with B3501, and 2058 upon the infection with Cap67 (Figures 3A and 3B). The
infection by two strains presented 508 genes upregulated and 510 DEG downregulated in
common (Figure 3B). Notably, there is less variation in the number of genes upregulated
between the infection by two strains concerning to functional categories compared to 4 hpi
(Figure 3C). At 24 hpi, there was an enrichment of categories related to immunity and a marked

negative regulation for genes related to metabolic processes (Figure 3C).

The RNA-seq results were validated by RT-gPCR to assess transcript levels of several genes
related to the immune response (Tnf-a, 1110, 1115, Cxcl10, Myd88, Ikbke, Statl, Clec7a, Socsl,
and Socs3). As shown in Figure S3, the data of transcripts accumulation matched the

transcription counts, supporting the RNA-seq results.

Based on the number of DEGs, the macrophages infected by the encapsulated (B3501) and
the nonencapsulated mutant cap67A (Cap67) C. neoformans strains revealed differential
transcriptional changes, in which infection with nonencapsulated strain inducing a higher
reprogramming of macrophage transcriptome at 4 hpi. On the other hand, B3501-infected
macrophages showed a mild activation response to the infection at the same time point.

Interestingly, macrophages response to both strains was very similar at 24 hpi.

3.3. Comparison of macrophage transcriptomic profile between B3501 and Cap67
strains’ infections

To better comprehend transcriptional differences of macrophages infected by B3501 or
Cap67, the bidirectional transcripts fold changes were compared. At 4 hpi, a weak correlation
between the infections with B3501 or Cap67 was observed (r = 0.53; p < 2.2e-16; Figure 4A).
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The mean fold change (FC) was four times lower for macrophages infected with B3501 (FC =
1.3) in comparison to Cap67 (FC = 5.1). On the other hand, at 24 hpi, a high correlation (r =
0.78; p < 2.2e-16; Figure 4B) and similar mean fold change (2.1) was verified, indicating that
the macrophages response to the infection by the different strains is more similar. A clear
difference in the magnitude of the macrophage’s response to B3501 or Cap67 was observed at
earlier infection (p = 2.2e-16, Wilcoxon rank sum test), while a convergence in response

occurred at longer interaction period (p = 0.2875, Wilcoxon rank sum test).

Most genes showed directionally consistent fold changes (n = 1166, 78.2% at 4 hpi; n =
2730, 89.9% at 24 hpi). Nevertheless, there were 326 genes at 4 hpi and 308 genes at 24 hpi
that showed opposite fold changes (Figure 4A and B); that is, increased expression with

B3501-infection and decreased expression with Cap67-infection, or vice versa.

Notably, several genes related to cell migration and inflammation displayed opposite
directional gene expression. The CXC receptor 4 gene (Cxcr4) was highly upregulated in the
macrophage’s response to B3501-infection at 24 hpi, while it was downregulated upon infection
with Cap67 (4 and 24 hpi) (45). After infection with B3501, the Tnfsf8 gene, which encodes a
cytokine related to the tumor necrosis factor ligand family (46), presented a shift from
downregulated (4 hpi) to upregulated (24 hpi). Infection with Cap67 resulted in upregulation of
this gene throughout the interaction period (Figure 4). The Med12l gene (mediator complex
subunit 12-like), which is involved in transcriptional activation, was significantly
downregulated in the B3501 infection model (4 hpi), but upregulated in the macrophage’s
infection by Cap67.

At 24 hpi, genes related to different biological processes, including cell proliferation and
migration (Rassf10) (47), immune response (Duspl8) (48), metabolism (Vnn3, Rcnl), cell
growth and wound healing (Dcbld2), and non-coding RNA species (Rnu3b1) showed opposite
directional gene expression in both infection models. The genes Vnn3 and Rassfl0 were
upregulated after macrophages infection with B3501 and downregulated by Cap67-infection.
Likewise, the genes Dcbld2, Dusp18, Rcnl, and Rnu3bl were downregulated in macrophages
response to B3501-infection, but upregulated by Cap67-infection (Table S2).

It was also observed that the Toll-like receptor 2 gene (TIr2) was downregulated in B3501-
infected macrophages, while TIr3 was upregulated only at 24 hpi. In Cap67-infected
macrophages the Tlr2, TIr3, and TIr7 encoding genes were upregulated. These genes are crucial

for recognizing pathogens and initiating the responses by phagocytic cells.
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Several key genes for the regulation of innate and adaptive immune responses and
inflammatory activation, such as Myd88, Nirp3, Aim2, Gsdmd, including chemokines (Ccl3),
cytokines (Tnf, 116), caspases Caspl, Casp4, Casp8, and the transcription factors NF-xB1
(p50/p105) and NF-xB2 (p52/p100), were upregulated exclusively in Cap67-infected
macrophages at 4 hpi (Table S2). The expression of the other proinflammatory genes (1115,
1118, and Ccl2) were strongly induced (FC > 6) in this condition.

The expression of INOS (inducible nitric oxide synthase 2; Nos2) and arginase (Argl) genes,
which encode enzymes related to the macrophages microbicidal potential, was increased by the
infection with both strains. Nevertheless, a lower Nos2-Argl (4,2) ratio was observed in
macrophages infected by B3501 at 4 hpi in comparison to Cap67-infection (177,6). The Nos2
and Argl genes expression increased at the same proportion at 24 hpi for the B3501 strain-

infection, leading to a Nos2-Argl ratio (4,2) similar to the early stage of infection (Table S2).

The increase in specific gene expression associated with an inflammatory activity after C.
neoformans infection demonstrates that the interaction with the fungal yeast stimulates this
process. To assess the level of inflammation triggering, we calculated each strain’s infection
score. All the experimental conditions displayed an upregulation in the inflammatory response
score, with Cap67 at 4 hpi showing the highest inflammatory response score (Figure 4C). No
significant differences between the macrophage’s response to B3501 and Cap67 was observed

at 24 hpi.

Altogether, these results indicate that macrophages in interaction with C. neoformans
showed specific transcriptional profiles related to the infection by each strain at 4 hpi. This
transcriptional profile was associated with decreased inflammation and cytotoxic activity when
infected by encapsulated (B3501) yeast, suggesting that C. neoformans capsule might activate

specific mechanisms to avoid the activation of inflammasomes in macrophages.

3.4. Comparative functional enrichment analysis of differentially expressed genes from
macrophages in response to C. neoformans

GO enrichment analysis

We next performed gene ontology (GO) and KEGG enrichment analysis to assesses whether
the strain-related modulated genes in infected macrophages converged to the same biological
functions. The enrichment analyses were performed for the 1494 DEGs at 4 hpi and 3046 DEG
at 24 hpi, based on the annotations of GO biological processes category (Figures 5 and 6;

adjusted p-value < 0.01) and KEGG pathways (Figure 7; adjusted p-value < 0.05). We found
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132 enriched terms after B3501-infection and 129 terms in Cap67-infection. Thirty-nine terms
were enriched for upregulated genes in both infection conditions, but no overlapping pathways
for downregulated genes were detected at 4 hpi. The most divergent result for the GO analysis
was the exclusive enrichment of terms related to the adaptive immune response, including
antigen processing and presentation of endogenous peptide antigen via MHC class Ib and via
ER pathway (G0O:0002476 and GO:0002484; p < 7.42e-10), lymphocyte mediated immunity
(GO:0002449; p = 6.98e-11), and regulation of T cell activation (GO:0050863; p < 1.10e-06)

in macrophages infected with Cap67 strain (Figure 5).

At 24 hpi, there was a lower number of GO terms enriched for the B3501-infection (n = 112
terms) than for Cap67-infection (n = 161 terms). Seventy-eight terms were similarly
upregulated. For macrophages infected with B3501, terms related to immune response were
enriched, such as positive regulation of lymphocyte chemotaxis (G0O:0140131; p = 5.06e-3),
interferon-gamma production (GO:0032609; p = 4.32e-6), and mononuclear cell proliferation
(GO:0032943; p = 1.22e-7) (Figure 6). On the other hand, some terms were enriched in the
Cap67-infection: antimicrobial humoral immune response mediated by antimicrobial peptide
(GO:0061844; p = 1.07e-4), interferon-alpha production (G0O:0032607; p = 2.99e-3), and
cytokine production involved in immune response (GO:0002367; p = 3.95e-5).

The GO analysis demonstrates different functional modules dominated by a large number of
genes involved on a core of inflammatory/adaptive response’s processes, which are
significantly over-represented. Appealingly, the response to hypoxia (GO:0001666; p < 1.76e-
4) was only enriched in the B3501 infection model (Figure 5 and 6). Similarly, regulation of
pattern recognition receptor signaling pathway (G0:0062207; p = 3.44e-3), processes involved
in production and in cellular response to interferons (GO:0032609 and GO:0035458; p<2.11e-
9), and processes related to antigen presentation via MHC class | (GO:0002476 and
G0:0002484; p = 7.42e-10) were enriched just upon Cap67-infection at 4 hpi (Figure 5).

KEGG enrichment analysis

We next explored the biological implications of upregulated and downregulated DEGs
through KEGG pathway enrichment analysis for both infection models. The signaling pathways
(SPs) commonly enriched by upregulated genes at 4 hpi were TNF (mmu04668; p < 1.08e-6),
IL-17 (mmu04657; p < 1.57e-6) and NOD-like receptor (mmu04621; p < 4.83e-4) (Figure 7A;
Table S3). However, these pathways displayed a lower mean of log. of fold change for the

genes of core enrichment in response to infection by B3501 (FC = 1.06, FC = 1.21 and FC =
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0.79) than by Cap67 (FC = 2.63, FC = 2.68 and FC = 2.52) (Figure 7B). Interestingly, the
MAPK SP (mmu04010; p = 3.35e-5) was only activated in macrophages upon infection by
B3501. Antigen processing and presentation pathway (mmu04612; p = 1.06e-4) was activated
just by the Cap67-infection. These enriched pathways were in agreement with GO analysis
(Figure 7C).

In the enrichment analysis for 24 hpi, several pathways were activated in macrophages upon
infection by both strains. The cytokine-cytokine receptor interaction pathway (mmu04060; p <
1.63e-5) exhibited a lower mean of fold change for the B3501-infection (FC = 1.89) than for
Cap67 (FC = 2.57). A similar result was observed for the antigen processing and presentation
pathway (mmu04612; p < 5.54e-3; B3501-FC = 1.56; Cap67-FC = 1.99) (Figure 7B and C).
Downregulated genes enriched multiple pathways involved in mismatch repair (mmu03430; p
< 3.11e-3) and DNA replication (mmu03030; p < 1.80e-4) at both time frames. Contrarily,
downregulated genes by infection with Cap67 did not show any enriched pathway (Figure 7C).

Interestingly, the Hif-1 signaling pathway (mmu04066; p < 1.02e-8) was ranked in the top-
3 score of enriched pathways by upregulated genes only in B3501-infected macrophages
(Figure 7). Cytosolic DNA-sensing (mmu04623; p < 8.42e-7), phagosome (mmu04145; p <
8.15e-4) and RIG-I-like receptor signaling pathway (mmu04622; p < 4.74e-3) were enriched
by upregulated genes exclusively upon Cap67 infection for both interaction periods (Figure
7C; Table S3).

Activated pathways that were enriched in macrophages at 4 hpi displayed a lower fold
change in the infection with B3501 than Cap67. The NF-kappa B (mmu04064; p < 2.66e-8;
B3501-FC = 0.88; Cap67-FC = 1.89) and C-type lectin receptor (mmu04625; p < 6.23e-14;
B3501-FC = 0.85; Cap67-FC = 2.20) signaling pathways illustrate this observation (Figure 7;
Table S3).

Relevant pathways for an appropriated immune response to fungal infections were enriched
for all the experimental conditions. The highest mean of fold change was verified for Cap67-
infection at 4 hpi. Among them, the TNF signaling (mmu04668; p < 9.72e-4; B3501-FC = 1.06;
Cap67-FC = 2.91), cytokine-cytokine receptor interaction (mmu04060; p < 3.30e-5; B3501-FC
= 1.07; Cap67-FC = 2.91) and NOD-like receptor signaling pathways (mmu04621; p < 2.42e-
5; B3501-FC = 0.79; Cap67-FC = 2.52).

KEGG-based analysis also revealed several enriched pathways associated to immune
response in both infection’s models. Nonetheless, the activation was more intense upon Cap67-
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stimulation, particularly at 4 hpi, for the phagosome, cytosolic DNA-sensing, RIG-I-like
receptor, and antigen processing and presentation pathways. The results above indicate that the
two distinct strains evoke different transcriptional responses at the shorter interaction period,

but a more similar pattern later on.

3.5. MicroRNAs expression profile in macrophages upon infection by C. neoformans
capsulated and nonencapsulated strains

Next, we profiled the miRNAs that were modulated in the macrophage’s interaction with C.
neoformans strains at 4 hpi. Thus, we performed a miRNAs PCR array. We identified 21
miRNAs with significant differential expression in B3501-infection and three miRNAS in
Cap67-infection, in comparison to the control condition (fold change > +2 and p-value < 0.05;
Figure 8A and B; Table S4). Interestingly, none of the 84 different miRNAs evaluated
presented negative regulation on infected macrophages.

The expression of miR-155 (FC = 5.73; p < 1.51e-3) and miR-147 (FC = 5.63; p < 2.01e-3)
were increased noticeably upon infection by B3501 (Figure 8C). The accumulations of miR-
493 (FC = 3.00; p < 9.84e-3) and miR-30b (FC = 2.02; p < 1.04e-2) with B3501 infection were
lower in comparation to Cap67 (miR-493: FC = 3.60; p < 1.10e-3; miR-30b: FC = 2.51; p <
8.53e-5). In addition, the expression of miR-493, -147 and -30b was upregulated in

macrophages upon infection by each strain, when compared to the noninfected control.

In order to investigate the biological processes regulated by differentially expressed miRNAs
in macrophages after C. neoformans infection, we selected the TarBase v7.0 database for the
identification of the gene targets. This data base comprises only target genes which were
experimentally investigated and proved to be modulated by the upregulation of miRNAs. We
performed a KEGG enrichment analysis for the target genes of all miRNAs differentially
expressed upon the infection by C. neoformans, in order to identified molecular pathways that
could be altered. We identified statistically significant pathways related to
inflammatory/immune response, such as endocytosis (mmu04144; p < 8.24e-8), T cell receptor
(mmu04660; p < 9.50e-4), and TGF-beta signaling pathways (mmu04350; p < 2.47e-3).
Intracellular signal transduction signaling pathways, including MAPK (mmu04010; p < 9.43e-
4), and ErbB signaling pathway (mmu04012; p < 7.19e-4) were also enriched (Figure 8D).

These pathways were also identified as targets for miR-155.

We focused on the miR-155 target genes for their extensively reported role in regulating the

immune response (49-51). To verify whether this differentially expressed mature miRNA was
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indeed modulated by C. neoformans infection, we conducted a gPCR experiment with miR-155
specific probes. The results confirmed a significant upregulation of miR-155 in macrophages
infected by the B3501 strain (Figure S4). We then compared the expression of some relevant
genes from the data set of differentially expressed genes between macrophages infected by
B3501- and Cap67-strains. Inflammation process-related genes previously confirmed as direct
targets of miR-155 (52,53), such as Ikbke, Myd88, and Bach1 presented ~2.59 lower fold change
in macrophages infected with B3501, when compared to Cap67-infection (Table S2). Post-
transcriptional inhibition of these genes may be related to the miR-155 upregulation verified in
macrophages infected by B3501 strain. Thus, miR-155 may dampen the pro-inflammatory gene
expression in our infection model of the encapsulated strain. Our results indicated that the
infection by the encapsulated strain B3501 activates a microRNA processing machinery,

limiting the pro-inflammatory response in macrophages.

4. Discussion

In this work, we focused on comparing differences in the transcriptional response of
BMDM s to the infection by C. neoformans encapsulated (B3501) and nonencapsulated (Cap67)
strains. The capsule is a prominent virulence factor that shields C. neoformans from immune-
mediated recognition and destruction (54). Several works explore the immunoregulatory
properties of glucuronoxylomannan (GXM), the main capsular component that inhibits the T-
cells responses (55-58). We analyzed the transcriptional landscape of macrophages’ response
to the capsular B3501 or acapsular mutant cap67A strains and identified different

transcriptomic patterns for genes involved in the immune response.

Myeloid cells, including macrophages and dendritic cells, promote antigen presentation and
inflammatory processes. In our transcriptomic results, the enrichment of pathways related to
positive and negative regulation of mononuclear cells proliferation and innate immune response
indicated that monocyte differentiation is restrained by infection with B3501 strain, primarily
after 4 hpi. This impairment in innate and adaptive response against the infection is evidenced
by the weakening of pathways, in terms of gene expression levels, associated with pattern
recognition receptors, cytosolic DNA sensing, and antigen presentation. Upon B3501 infection,
transcription factors of the EGR family members (Egr2), which negatively regulates the
differentiation and inflammatory activation of myeloid cells were upregulated (59). Contrarily
to the early stage of B3501-infection response, Cap67-infection was associated with the
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upregulation of several inflammatory genes, including Tnf, 116, 1118, Ccl2, Ccl3, and Ccl12
(Table S2).

As previously demonstrated, in the differentiation/activation of macrophages the enzyme
nitric oxide synthase Il (NOS2) induction leads to the nitric oxide (NO) synthesis, which is vital
for fungal killing inside of macrophages (60). In contrast, the expression of the enzyme arginase
(ARG) is linked to the reduction of NO production and fungal survival (61). The microbicidal
potential of activated macrophages is associated with the differential regulation of these
enzymes (61). In this regard, we described an increased Nos2 and Argl transcript expression in
both infection models. Nevertheless, Nos2/Argl expression ratio at 4 hpi was significantly
lower in macrophages infected by B3501 than by Cap67, suggesting that macrophages infected
by the encapsulated strain presented a less pronounced activation. Furthermore, this effector
mechanism is mostly triggered in a pro-inflammatory milieu with cytokines such as IFN-y,
TNF-0, and IL6 (62). These cytokines also help in mediating the protection against C.
neoformans at the early stages of infection (63). However, in our data, macrophages infected
by the encapsulated strain did not show increased Tnf and 116 gene expression associated with

an inflammatory state, suggesting that cells were not properly activated.

Inflammasomes are cytosolic multiprotein complexes known as key inflammatory signaling
platforms for the host defense mechanisms against pathogens (64). In this study, we found a
robust proinflammatory response on macrophages after interaction with Cap67. This is mainly
evidenced by the increase in NLRP3 inflammasome transcript and higher 11-14 and 1118 mRNA
levels. These cytokines are essential for the Th1/Thl7 polarization and optimal activation of
the macrophages’ antifungal activity (65). Furthermore, the Caspl and Casp4 genes expression
levels were significantly upregulated by Cap67 at 4 hpi, when compared to B3501 infection.
This probably impacts on the caspase activation and the cleavage of inactive IL-14 and 1L18
precursors. The lower upregulation of those genes suggests that the B3501 C. neoformans strain
employs specific mechanisms to avoid inflammasome activation in macrophages. Previously,
the acapsular mutant strain cap59A was reported to activate the NLRP3 inflammasome,
indicating that the capsule may directly or indirectly prevent the recognition of the fungus by
the host NLRP3 inflammasome (66).

Recently, experiments with conditioned medium from B3501 and Cap67 cultures
demonstrated that small molecules secreted by both these strains could modify the activation

of the intracellular inflammasome pathway (67). This alters critical functions, such as
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phagocytosis and intracellular killing, thus affecting the macrophages’ protective response to
infection. These results suggest that GXM alone is not sufficient to promote inflammasome
inhibition (67).

Both infection models shared several upregulated biological categories, although some
processes closely related to adaptive immune response were only activated in the infection by
the nonencapsulated strain. This divergence was more prominent in the early stages of infection
than for the later stages (Figures 5 and 6). For example, lymphocyte-mediated immunity,
antigen processing and presentation, and T-cell activation categories were not enriched at the
early time point in the encapsulated strain infection. Surprisingly, these or related functional
categories were enriched in the latter stage of both infection models. It is possible that the
capsule protects C. neoformans by delaying macrophages’ immune response. In agreement to
this, Neal et al. (2017) previously observed a delayed inflammatory response on a model of

murine central nervous system infection by Cryptococcus.

The cellular immune system plays a crucial role in eradicating cryptococcal infections (7).
Macrophages and dendritic cells are involved in the antigen presentation to the T cells and in
the expression of costimulatory molecules (69). Nevertheless, the interaction between the
antigen-presenting cells MHC-bound peptides and T cell receptors is insufficient for
lymphocyte activation. The costimulatory molecules are required for a complete activation
(69,70). Remarkably, C. neoformans infection is characterized by the depression of the immune
system, affecting mainly those individuals with impaired pro-inflammatory responses.
Previously, clinical and experimental data indicated that T-cell-mediated immunity,
predominantly CD4" T lymphocytes, is necessary to effectively control cryptococcal infection
(71-74).

Glucuronoxylomannan (GXM) has consistently been linked to the direct inhibition of T cell
proliferation, or to the interference with the antigen uptake or processing. So, it improves the

C. neoformans virulence and survival upon attack by variety of host immune cells (56).

In our model, we observed a delayed triggering of regulation of T cell activation category
(Figure 5 and 6; upregulated genes in GO:0050863 pathway) upon macrophages stimulation
with B3501, which occurred only at 24 hpi. On the other hand, this triggering was already
observed at 4 hpi with Cap67. Supporting this, an increased expression of co-stimulatory
molecules, like CD40 and CD86, was particularly verified in macrophages infected with Cap67

at 4 hpi. These molecules induce the proliferation of T cells in general and enhance the
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generation of cytolytic T cells. Microbial pathogens can also negatively modulate the antigen-
presenting cells function, leading to a defective maturation process that impairs the expression

of costimulatory molecules (20,75).

Over the past decade, many studies focused the investigation of the roles of miRNAs in the
regulation of the immune system after fungal infections (76). By inhibiting the translation of
particular genes, microRNAs can rapidly intensify the host cells inflammatory responses to
fungal infections (77). Nonetheless, we might consider that this gene regulation process is

highly complex, and that miRNAs profiles may vary among cell types and pathogenic stimuli.

In this work, we observed significant differences in the gPCR array analysis of miRNA
expression profiles between macrophages infected by encapsulated and nonencapsulated C.
neoformans strains. Twenty-one miRNAs, specially miR-155, were upregulated upon
encapsulated yeasts stimulation (Figure 8). Similar results were observed for the stimulation
of different phagocytic cells by Aspergillus fumigatus, Candida albicans, and C. neoformans
WN148 (51,78-81). These findings suggest that the upregulation of miR-155 is a common
feature of the phagocyte’s response to the infection by pathogenic fungi. Additional in silico
analyses indicated that miR-155 is involved in the regulation of endocytosis, T-cell receptor,

and TGF-beta and MAPK signaling pathways.

miR-155 evokes distinct responses in different cell types, tissues, physiological situations,
and individual targets. Sometimes these responses are contradictory (82). A previously study
reported the early expression of miR-155 in macrophages infected by Mycobacterium
tuberculosis. This expression led to the transcriptional silencing of host protective genes, thus
favoring the establishment of the infection. The miRNA-155 inhibition impaired the pathogen
survival within macrophages (83). The negative regulation of inflammatory response by miR-
155 was also described for other microbial infections, including C. albicans, by targeting keys
molecules in inflammatory signaling pathways, including NF-xB p65, BCL10, MyD88, TAB2,
IRAK1, and TARF6 (51,52,80,84).

We also described a clear difference in the macrophages miRNA profiles upon infection by
encapsulated or nonencapsulated C. neoformans strains. Several Toll-like receptors were
upregulated in macrophages infected by the Cap67 strain. These receptors are frequently

associated with the activation of miRNAS expression (85-88).

In summary, we employed high-throughput approaches to identify transcriptome-level
differences in macrophages infected by two C. neoformans strains. Our results show strain-
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specific patterns of gene expressions during the infection and suggest that the adequate innate
and adaptive immune response is delayed in the encapsulated-infected macrophages. This delay
can improve the pathogen adaptation within the host, allowing the activation of the virulence
factors necessary for a successful infection. Furthermore, we demonstrated the cryptococcal
strain-specific mMiIRNA expression patterns in macrophages. These data may reveal hitherto
unknown gene regulation patterns in macrophages after cryptococcal infection that are
potentially important to their function and defense mechanisms. Further experimental studies
should explore and assess the differences observed in these transcriptomic landscapes,
especially regarding antigen processing and presentation, as well as the miRNAs’ role,
particularly miR-155, on the phagocytosis process.
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6. Figures and legends
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Figure 1. Kinetic of infection of macrophages by two strains of C. neoformans.

A) Percentage of phagocytosis in different times of interaction. B) CFU counts of B3501 and
Cap67 strains after 4 h and 24 h post infection. C-D) Cytokines release from macrophages
infected by B3501 and Cap67 strains in 24 h post infection. Data are presented as mean = SEM.
Statistical significancy was calculated by t-Student test (B) and one-way ANOVA with posttest
Dunnett's multiple comparisons (C-D). * Adjusted p-value <0.05.
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Figure 2. Differential gene expression of bone marrow-derived macrophages upon 4 h of
interaction with two strains of C. neoformans.

A) Global heatmap showing all genes differentially modulated, comparing control samples
(BMDMs noninfected), and infected macrophages by B3501 and Cap67 strains. B) Venn
diagram of positively (red) and negatively (blue) regulated genes of macrophages infected by
B3501 and Cap67 strains. All genes with adjusted p-value < 0.05, and fold change > +2 was
considered as differentially expressed genes (DEGs). C) Number of DEGs correlated to
different Gene Ontology (GO) terms in macrophages infected by B3501 and Cap67 strains of
C. neoformans.
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Figure 3. Differential gene expression of bone marrow-derived macrophages upon 24 h

of interaction with two strains of C. neoformans.

A) Global heatmap showing all genes differentially modulated, comparing control samples
(BMDMs noninfected), and infected macrophages by B3501 and Cap67 strains. B) Venn
diagram of positively (red) and negatively (blue) regulated genes of macrophages infected by
B3501 and Cap67 strains. All genes with adjusted p-value < 0.05, and fold change > +2 was
considered as differentially expressed genes (DEGs). C) Number of DEGs correlated to
different Gene Ontology (GO) terms in macrophages infected by B3501 and Cap67 strains of

C. neoformans.

90



A
104
r=0.53
p-value < 2.2e-16
S
w
o
cg 51 * MGARP
o . *NOS2
c
o L]
G LG ° ,
i)
e o ‘
o L]
=g J
S 4. ” 2 e
« * ). LYBL, |
%
® TNFSF8
_5-:
-5 0 5 10
Log; fold change in Cap67
Cc

Inflammatory response score

B3501 4h

Figure 4. Distribution of gene modulation in macrophages infected by C. neoformans.
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A - B) Scatter plot displaying all genes differentially modulated in 4 h (A) and 24 h (B) post
infection. The axis represents the log> values of the fold change observed for each transcript in
B3501 (y-axis) and Cap67 (x-axis) infection. Genes with positive regulation (>0) were indicated
in red, negative regulation (<0) in blue, and genes with opposite regulation between the two
strains were indicated in purple. Significance was calculated by Pearson's correlation. C) Violin
plot of inflammatory response score for each sample and time frame. Middle points and lines
indicate mean and SD values. Significance was calculated using two-sided Wilcoxon test; ***
Adjusted p-value <0.01.
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Figure 5. Gene ontology enrichment of differentially expressed genes in macrophages

after 4 hours of C. neoformans infection.

Enriched ontological terms from biological processes category (adjusted p-value < 0.01)
associated with upregulated DEG in macrophages infected by B3501 and Cap67 strains at 4
hpi. Dot size represents the enrichment (gene modulated ratio/gene background ratio) for each

GO term.
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Figure 6. Gene ontology enrichment of differentially expressed genes in macrophages

after 24 hours of C. neoformans infection.

Enriched ontological terms from biological processes category (adjusted p-value < 0.01)
associated with upregulated DEG in macrophages infected by B3501 and Cap67 strains at 24
hpi. Dot size represents the enrichment (gene modulated ratio/gene background ratio) for each

GO term.
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Figure 7. KEGG pathway enrichment from gene expression in macrophages after C.

neoformans infection.

A) Enriched pathways from KEGG database (adjusted p-value < 0.01) associated with up- and
down-regulated genes in macrophages infected by B3501 and Cap67 strains at 4 and 24 hours
post infection. B) UpSet plot visualizing the fold change distribution of core enrichment genes
in top 5 pathways among strain infections. A line linking multiple filled circles represents genes
are shared among more than one group comparison. C) Bar chart displaying the normalized
enrichment scores of top pathways from GSEA. Exact p-values are provided in the
supplemental information (Table S3).
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Figure 8. Differential miRNA expression in macrophages upon C. neoformans infection.
A) Scatter plot showing miRNA expression changes comparing infected macrophages by
B3501 strain vs. control (noninfected) samples. B) Scatter plot showing miRNA expression
changes comparing infected BMDMSs by Cap67 strain vs. control (noninfected) samples. The
axis represents the logio values of the fold changes (272<%) observed for each miRNA on infected
samples (y-axis) and control samples (x-axis). The differentially expressed miRNAs (DEGs: p-
value <0.05, and fold change >+2) are highlighted (red dots). In bold are highlighted significant
miRNAs for two strains. The blue line indicates fold changes (2°2¢Y) of 1. The purple lines
indicate the cutoff of the fold-change in gene expression threshold (fold change > +2). C) Fold
change of differentially modulated miRNAs in macrophages infected by C. neoformans strains.
D) Enriched pathways from KEGG database (adjusted p-value < 0.05) associated with all
differentially expressed-miRNA targets from Tarbase database. Neighbourhood lines indicate
the shared target mRNAs found in a defined pathway.
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7. Supplemental information

Table S1. Primers sequences of selected genes for RNA-seq validation.

Gene

Sequence forward

Sequence reverse

TNF

5’-GTACCTTGTCTACTCCCAGGTTCTCT-3’

5’-GTGGGTGAGGAGCACGTAGTC-3’

Mydss

5’-ACTGGCCTGAGCAACTAGGA-3’

5’-CGTGCCACTACCTGTAGCAA-3’

IL-10

5’-GCTCTTACTGACTGGCATGAG-3’

5’- CGCAGCTCTAGGAGCATGTG-3’

Cxcl10

5’-CCAAGTGCTGCCGTCATTTTC-3’

5’-GGCTCGCAGGGATGATTTCAA-3’

Ikbke

5’-CCAGCAGCCCTCTAACTCTG-3’

5’-ACGAACTTTGGGACATCCAG-3’

Statl

5’-TCACAGTGGTTCGAGCTTCAG-3’

5’- GCAAACGAGACATCATAGGCA-3’

IL-18

5’-GTGTGTGACGTTCCCATTAGACA-3’

5’-CAGCACGAGGCTTTTTTGTTG-3’

Dectin-1

5’-TAATCTCTGCCCCCAAAACC-3’

5’-AACTGCTTCGACCCAGACCT-3’

Socsl

5’-ACTTCTGGCTGGAGACCTCA-3’

5’-CCCAGACACAAGCTGCTACA-3’

Socs3

5’-ATTCACCCAGGTGGCTACAG-3’

5’-GCCAATGTCTTCCCAGTGTT-3’

Rps9

5’-CGCCAGAAGCTGGGTTTGT-3’

5’-CGAGACGCGACTTCTCGAA-3’
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Table S2. Comparison of the modulation of selected genes in macrophages infected by B3501
and Cap67 C. neoformans strains.

Experimental condition (Fold change*)

e Infection at 4 h Infection at 24 h
B3501 Cap67 B3501 Cap67
Cxcr4d -1.17 -4.19 3.04 -3.27
Tnfsf8 -7.61 3.29 8.32 4.47
Med12l -5.93 3.05 2.29 1.18
Vnn3 -1.00 2.25 2.07 -2.50
Rassf10 2.09 -2.62
Dcbld2 1.26 2.94 -2.51 4.70
Duspl8 1.24 -1.74 -2.25 2.21
Renl 1.20 2.65 -2.01 2.01
Rnu3b1 1.43 2.21 -3.06 2.56
TIr2 1.65 4.66 -2.51 -1.53
TIr3 1.10 8.27 2.34 3.69
TIr7 1.11 2.07 1.07 -1.18
Myd88 1.23 4.02 -1.12 1.28
NIrp3 1.71 4.44 1.17 1.41
Aim2 1.12 5.22 1.39 1.35
Gsdmd -1.02 2.20 1.17 1.17
Ccl3 1.53 8.45 1.39 1.92
Tnf 1.48 4.88 1.67 3.21
116 2.28 58.77
Caspl 1.33 3.71 1.44 1.88
Casp4 1.46 6.22 1.37 2.24
Casp8 -1.08 2.01 1.07 1.16
NF-xB1 1.65 3.63 -1.56 -1.06
NF-xB2 1.64 3.14 -2.04 -1.34
1ip 3.26 10.74 2.84 4.15
1118 1.54 6.61 2.08 2.11
Ccl2 1.60 6.37 491 9.06
Nos?2 10.78 355.56 290.56 91.70
Argl 2.58 2.00 69.08 22.85
Ikbke 1.09 2.64 -1.10 1.03
Bachl 1.19 2.45 1.50 1.03
Egr2 4.89 -1.33 -1.83 1.89
Ccl3 1.53 8.45 1.39 1.92
Ccl12 1.55 34.08 10.49 24.35
Cd40 1.61 35.51 1.72 3.55
Cds6 1.98 2.21 -1.01 1.89

* Genes in bold lettering had their transcript levels significantly modulated (FC > + 2.0 and
adjusted p-value < 0.05 as described in Materials and Methods). Positive and negative values
represent genes with expression induced and repressed, respectively.
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Table S3. Enriched KEGG pathways
neoformans strains.

in macrophages infected by B3501 and Cap67 C.

mmu04066
mmu04657
mmu04668
mmu03030
mmu04010
mmu03440
mmu04060
mmu04064
mmu04625
mmu04621
mmu04151
mmu03430
mmu00330
mmu04068
mmu04062
mmu04620
mmu04510
mmu00010
mmu01200
mmu04621
mmu04668
mmu04060
mmu04620
mmu04657
mmu04064
mmu04217
mmu04062
mmu04623
mmu04612
mmu04145
mmu04514
mmu03030
mmu04630
mmu03430
mmu04622
mmu04625
mmu04210
mmu04110
mmu04060
mmu00010
mmu04066
mmu03030
mmu04621
mmu03040
mmu03008
mmu03440
mmu04137
mmu03013
mmu04514
mmu04922
mmu01230
mmu03015
mmu00052
mmu04612
mmu04630
mmu04668
mmu04060
mmu04657
mmu00010
mmu04668
mmu04621
mmu04623
mmu03050
mmu04145
mmu04620
mmu04066
mmu04612
mmu00330
mmu04622
mmu01200

Description
HIF-1 signaling pathway
IL-17 signaling pathway
TNF signaling pathway
DNA replication
MAPK signaling pathway
Homologous recombination
Cytokine-cytokine receptor interaction
NF-kappa B signaling pathway
C-type lectin receptor signaling pathway
NOD-like receptor signaling pathway
PI3K-Akt signaling pathway
Mismatch repair
Arginine and proline metabolism
FoxO signaling pathway
Chemokine signaling pathway
Toll-like receptor signaling pathway
Focal adhesion
Glycolysis / Gluconeogenesis
Carbon metabolism
NOD-like receptor signaling pathway
TNF signaling pathway
Cytokine-cytokine receptor interaction
Toll-like receptor signaling pathway
IL-17 signaling pathway
NF-kappa B signaling pathway
Necroptosis
Chemokine signaling pathway
Cytosolic DNA-sensing pathway
Antigen processing and presentation
Phagosome
Cell adhesion molecules (CAMs)
DNA replication
JAK-STAT signaling pathway
Mismatch repair
RIG-I-like receptor signaling pathway
C-type lectin receptor signaling pathway
Apoptosis
Cell cycle
Cytokine-cytokine receptor interaction
Glycolysis / Gluconeogenesis
HIF-1 signaling pathway
DNA replication
NOD-like receptor signaling pathway
Spliceosome
Ribosome biogenesis in eukaryotes
Homologous recombination
Mitophagy - animal
RNA transport
Cell adhesion molecules (CAMs)
Glucagon signaling pathway
Biosynthesis of amino acids
mMRNA surveillance pathway
Galactose metabolism
Antigen processing and presentation
JAK-STAT signaling pathway
TNF signaling pathway
Cytokine-cytokine receptor interaction
IL-17 signaling pathway
Glycolysis / Gluconeogenesis
TNF signaling pathway
NOD-like receptor signaling pathway
Cytosolic DNA-sensing pathway
Proteasome
Phagosome
Toll-like receptor signaling pathway
HIF-1 signaling pathway
Antigen processing and presentation
Arginine and proline metabolism
RIG-I-like receptor signaling pathway
Carbon metabolism

setSize |

88
67
100
35
204
39
126
79
89
142
216
22
35
108
139
79
146
44
95
142
100
126
79
67
79
126
139
44
56
127
79
35
922
22
46
89
118
117
126
43
87
35
143
127
73
39
61
142
77
77
56
76
23
58
95
101
126
66
43
101
143
44
43
127
79
87
58
35
47
93

2,26211E+14
2,27524E+14
2,19015E+13
-2,30241E+13
1,98949E+14
-2,14906E+14
2,01508E+14
2,12678E+14
2,05507E+14
1,9274E+14
1,77262E+13
-1,97839E+14
1,91535E+13
1,83877E+14
1,79039E+14
1,89579E+14
1,73759E+14
1,96901E+14
1,85526E+14
2,00727E+14
1,97508E+13
1,94361E+14
1,9513E+14
1,90661E+14
1,90456E+14
1,84184E+14
1,79779E+14
1,88808E+14
1,81827E+14
1,75316E+14
1,81254E+14
-2,01567E+14
1,71018E+13
-1,86186E+14
1,6829E+14
1,65635E+14
1,60915E+14
-1,93575E+14
2,17095E+14
2,20363E+14
2,10869E+14
-1,94427€+14
2,06407E+13
-1,85179E+13
-1,82571E+13
-1,81797€+13
2,01815E+14
-1,59984E+14
1,88198E+14
1,87895E+14
1,83515E+14
-1,66944E+14
1,98729E+14
1,96151E+14
1,82333E+14
1,82796E+14
2,05325E+14
2,05856E+14
2,04527E+14
1,99563E+14
1,94317E+14
2,04027E+13
1,94459E+14
1,85927E+14
1,82586E+14
1,81738E+14
1,83418E+14
1,87958E+14
1,83598E+14
1,68966E+13

core_enrichment
101897379,2 Egln3/Slc2al/Egln1/Pfkfb3/Pdk1/Pfkl/Hmox1/H 4h
108283364,7 Mmp13/Cxcl2/Ptgs2/Cxcl1/111b/Tnfaip3/Cxcl3/(4h
108283364,7 Cxcl2/Ptgs2/Cxcl1/Il1b/Tnfaip3/Cxcl3/Jagl/Csfl4h
108283364,7 Mcm5/Pole/Prim2/Rfc1/Rfc3/Prim1/Rpa2/Mcm4h
3350025104 Gadd45b/Pdgfb/Met/Hspala/lllb/Dusp5/Dusp 4h
4347251303 Blm/Rad52/Xrcc2/Rad51d/Abraxas1/Emel/Rad4h
6203212577 Cxcl2/Il1rn/Acvrl1/Cxcl1/I11b/Cxcl3/Ccl4/Ccl7/P 4h
6479574167 Cxcl2/Gadd45b/Ptgs2/111b/Tnfaip3/Ccl4/Maltl/4h
3,56653E+14 Ptgs2/Egr2/111b/Clec7a/Egr3/Maltl/Jun/Clecde)4h
4,8281E+14 Cxcl2/Cxcl1/Ripk2/111b/Tnfaip3/Cxcl3/Gabarapl 4h
2,77668E+14 Pdgfb/Gys1/Met/Csf1/Vegfa/Eif4ebpl/Mcll/M:4h
3,10765E+13 Rpal/Pold2/Pms2/Rfc5/Pold3/MIh1/Rfc2/Mshz4h
3,75614E+14 P4ha2/P4hal/Argl/Smox/Nos2/Odcl 4h
3,92721E+14 PIk2/Bnip3/Gadd45b/Gadd45g/Gabarapll/Map4h
4,39398E+14 Cxcl2/Cxcl1/Cxcl3/Ccl4/Ccl7/Ppbp/Map2kl/Ccr:4h
4,91014E+14 1l11b/Ccl4/Map2k1/Jun/Traf6/Cd86/Pik3cb/Traf:4h
5,03359E+14 Pdgfb/Met/Vcl/Vegfa/Map2k1/Jun/Itga5/Pik3ct 4h
5,12466E+14 Pgm1/Pfkp/Pfkl/Tpil/Pgam1/Hk1/Ldha/Pgk1/G 4h
5,35789E+14 Pfkp/Pfkl/Tpil/Pgam1/Hk1/Pgk1/Gpil/Enol/Es 4h
909,8966441 Ccl5/Ccl12/Ccl2/Ripk2/Casp1/Il1b/Tnf/Casp4/Ili4h
329894,745 Ccl5/Ccl12/Ccl2/111b/Socs3/Tnf/MIKI/Csf1/116/Pi4h
329894,745 Ccl5/Cd40/Ccl7/Ccld/Ccl12/1127/Ccl3/Tnfsf15/Cc4h
17566759,33 Ccl5/Cd40/Ccl4/Ccl3/TIr3/111b/Tnf/116/1rf7/Myd 4h
15658670,16 Mmp13/Ccl7/Ccl12/Ccl2/111b/Tnf/116/Ptgs2/Cxc 4h
266231048,4 Cd40/Ccl4/111b/Tnf/Ptgs2/Cxcl2/Trafl/Myd88/14h
418363833,3 Tlr3/Casp1/Il1b/Tnf/MIkl/Tnfsf10/Jak2/I11a/Fas4h
777521849,6 Ccl5/Ccl7/Ccl4/Ccl12/Ccl3/Ccl2/Cxcl2/Jak2/Gnb:4h
864847126,4 Ccl5/Ccl4/Casp1/1l1b/116/Aim2/1118/1rf7/Nfkb1/ 4h
1,05716E+14 H2-T10/Tnf/H2-T22/H2-Q4/Tap1/Tap2/H2-Q10.4h
1,05716E+14 H2-T10/H2-T22/H2-Q4/Tap1/Tap2/H2-Q10/TIrz4h
1,16119E+14 Cd40/H2-T10/H2-T22/Cd274/H2-Q4/Sdca/H2-Q 4h
1,80244E+14 Rpal/Pola2/Rfcl/Pold2/Rpa2/Fenl/Prim1/Mcn 4h
4,97799E+14 Socs3/Socs1/Cdkn1a/116/1115/Jak2/Socs7/1110/1l 4h
2,68334E+14 Rpal/Rfcl/Pold2/Rpa2/MIh3/Ligl/Rfc4/Rpa3/N4h
4,7371E+14 Tnf/Tank/Irf7/Azi2/Ifih1/Nfkb1/Cxcl10/Nfkbib/I4h
6,23478E+14 Casp1/111b/Tnf/116/Ptgs2/1110/Clec4e/NIrp3/Src,4h
9,30252E+14 Tnf/Tnfsf10/Gadd45g/Trafl/Fas/Parp3/Map2k:4h
2157927060 Stagl/Hdac2/Cdc25a/Pkmytl/Rad21/Cdc25¢/Tg24h
2157927060 Ccrl/Cer5/Ccl12/117r/Cel5/111rn/Ccl2/Gdf15/111a 24h
2226413337 Pgam1/Tpil/Pgm1/Pfkl/Pfkp/Ldha/Gapdh/Pgkl24h
7983755366 Egln3/Slc2al/Egin1/Nos2/Serpinel/Pfkl/Eif4ebg 24h
1,46005E+14 Pold1/Rfc3/Pole4/Rnaseh2a/Prim2/Pole2/Rnas 24h
1,47179E+14 [fi204/Ccl12/1rf7/Ccl5/Mefv/Oas3/Ccl2/Stat2/Ir 24h
1,65204E+14 Ppie/Snul3/Snrpal/Lsm5/Snrpa/Lsm4/Cdc5l/Cl24h
1,25428E+14 Csnk2al/Bms1/Pwp2/Rexo5/Drosha/Nol6/Spat24h
2,06513E+14 Rad50/Mrella/Brcal/Rad54b/Palb2/Brca2/Bar24h
2,22926E+14 Bnip3/Bnip3l/Jun/Bcl2I1/Src/Ubb/Atf4/Tbcld1t 24h
3,98507E+14 Strap/Sumo3/Rbm8a/Nup93/Eif2s1/Pom121/Fi24h
5,0886E+14 Cd274/Mpzl1/H2-Q7/H2-Ab1/H2-T24/Sdc3/H2- 24h
5,0886E+14 Gys1/SIc2al/Pgam1/Pfkl/Ldha/Creb3I1/Pkm/Cr 24h
5,50275E+14 Argl/Pgam1/Tpil/Pfkl/Pfkp/Gapdh/Pgkl/Enol,;24h
5,78075E+14 Ppp2r2d/Ppp2ca/Ppplcb/Pabpcl/Cpsf2/Smg5/ 24h
6,43975E+14 Pgm1/Pfkl/Pfkp/Hk2/Gla/Ugp2/Galk1l/Hk1 24h
7,3348E+14 H2-Q7/H2-Ab1/H2-T24/H2-Q6/Hspala/B2m/Hz24h
7,45412E+13 [17r/Socs3/Pdgfb/Stat2/Irf9/1115/Stat1/Bcl211/11124h
8,52515E+14 Ccl12/Socs3/Ccl5/Ccl2/Gm5431/1115/Jun/Creb3 24h
67673621,79 Ccr1/ll1rn/Ccl12/Ccl2/117r/Ccl4/Ccl7/Cxcl3/Cxcl124h
2305333478 Mmp13/Ccl12/Ccl2/Ccl7/Cxcl3/Cxcl10/Hsp90aa 24h
2363738789 Pgam1/Ldha/Tpil/Pfkp/Pgkl/Enol/Pgm1/Pfkl/(24h
310613246,4 Ccl12/Ccl2/Cxcl3/Ifi47/Cxcl10/Csf1/Edn1/Pik3ck 24h
310613246,4 Ccl12/1fi204/Ccl2/Cxcl3/Irf7/0as3/0asla/Oaslg24h
310613246,4 Zbp1/Ccl4/Cxcl10/Ddx58/Irf7/Adar/I1fnb1/111b/(24h
2,59812E+14 Psmd8/Psmb6/Psme2/Psma4/Psmd11/Psmb3/124h
8,14682E+14 Tubb6/Atp6v0d2/Itga5/Tubada/Msr1/Fcgrl/H2 24h
1,80285E+14 Ccl4/Cxcl10/Irf7/Ctsk/Pik3cb/Statl/Tnf/Map2ki24h
1,89971E+14 EglIn3/Slc2al/Ldha/Pgkl/Enol/Nos2/Pdk1/Edn124h
2,15621E+14 Hspala/Hspalb/Hsp90aal/Tnf/H2-T24/Tap1/H24h
3,60069E+14 P4hal/P4ha2/Argl/Nos2/Smox/Aldh1b1/0dcl)24h
3,60069E+14 Dhx58/Cxcl10/Ddx58/Ifih1/1rf7/1sgl5/Tnf/Ifnb124h
7,27191E+14 Pgam1/Tpil/Pfkp/Pgkl/Enol/Pfkl/Gapdh/Aldo:24h

B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
B3501 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
Cap67 4h
B3501 24t
B3501 24t
B3501 24t
B3501 24}
B3501 24t
B3501 24t
B3501 24t
B3501 24}
B3501 24t
B3501 24t
B3501 24t
B3501 24}
B3501 24t
B3501 24t
B3501 24t
B3501 24}
B3501 24t
B3501 24t
B3501 24t
Cap67 24l
Cap67 24
Cap67 24l
Cap67 24l
Cap67 24l
Cap67 24l
Cap67 24
Cap67 24l
Cap67 24l
Cap67 24l
Cap67 24|
Cap67 24l
Cap67 24|
Cap67 24)

98



Table S4. Comparison of the modulation of miRNAs in macrophages infected by B3501
and Cap67 C. neoformans strains.

Experimental condition

MiRNA Infection by B3501 Infection by Cap67
Fold Fold

change* p-value change* p-value
let-7d-5p 2.03 1.20E-02 1.21 1.45E-01
let-7e-5p 2.01 9.44E-03 1.23 9.64E-02
let-7g-5p 2.02 1.24E-02 1.22 9.51E-02
miR-140-5p 2.02 1.19E-02 1.78 3.09E-03
miR-142a-3p 2.01 1.23E-02 1.24 3.48E-01
miR-146b-5p 2.01 1.23E-02 1.72 1.02E-01
miR-147-3p 5.63 2.01E-03 2.45 1.26E-02
miR-152-3p 2.05 9.03E-03 1.26 5.15E-02
miR-155-5p 5.73 1.51E-03 1.73 8.94E-02
miR-15b-5p 2.02 1.13E-02 1.23 7.22E-02
miR-186-5p 2.06 9.67E-03 1.75 3.32E-03
miR-195a-5p 2.03 1.02E-02 1.24 7.75E-02
miR-19a-3p 2.00 9.69E-03 1.20 1.13E-01
miR-214-3p 2.01 8.79E-03 1.73 1.46E-03
miR-26a-5p 2.05 1.03E-02 1.23 8.01E-02
miR-29¢-3p 2.00 1.18E-02 1.20 1.40E-01
miR-30b-5p 2.02 1.04E-02 2.51 8.53E-05
miR-30c-5p 2.02 9.57E-03 1.22 7.44E-02
miR-30e-5p 2.01 9.95E-03 1.22 9.04E-02
miR-31-5p 2.02 9.86E-03 1.74 2.39E-03
miR-493-3p 3.00 9.84E-03 3.60 1.10E-03

*  miRNAs in bold lettering had their transcript levels significantly modulated (FC >+ 2.0 and
p-value < 0.05 as described in Materials and Methods).
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Figure S1. Gene expression variation between macrophages infected by C. neoformans

strains and control noninfected.
Principal component analysis of transcriptomic profile of macrophages infected by B3501 and

Cap67 strains at 4 (A) and at 24 (B) hours-post infection.
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Figure S2. Gene expression variation between macrophages infected by C. neoformans
strains and control noninfected at 24 hours-post infection.
Principal component analysis of transcriptomic profile of macrophages infected by B3501 and

Cap67 strains, displaying all replicates for B3501 group.
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Figure S3. Validation of the results obtained in RNA-seq from macrophages infected by
C. neoformans using RT-gPCR.

Murine bone-marrow derived macrophages were infected by B3501 and Cap67 strains of C.
neoformans and the same total RNA used in the RNA-seq (B) was employed in RT-gPCR (A)
assays. The primers sequences are described in Table S1 and all assay conditions are as
described in the Materials and Methods section.
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Figure S4. Validation of miR-155 expression in macrophages infected by C. neoformans
strains.

Confirmation of the results obtained by the PCR-Array experiment for miR-155. miR-155
accumulation levels of macrophages infected with strains B3501 and Cap67 at 4 hpi. For cDNA
synthesis of miRNAs, 10 ng of RNA from the small RNA fraction were used per sample. For
miRNA expression analysis, a specific Tagman kit for mir-155 was used according to the
manufacturer's specification (Life Technologies). Small nuclear RNA (snRNA) U6 was used
as an endogenous control.
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8. Additional information

Count
Count

1004

80+

40+

Positive cells (%)

20+

Median Fluorescence
Intensity (a.u.)

RO & RO &
N N N N
o & o &

Figure Al. Analysis of the expression of surface markers CD11b and F4/80 in Bone
marrow-derived macrophages.

a. Histograms showing expression markers CD11b and F4/80. b. Percentage of positive cells
for each marker after culture with GM-CSF. c¢. Fluorescence intensity of each marker. u.a.:
arbitrary units. Results are presented as means + SD.
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Figure A2. Gel image of microcapillary electrophoresis from Bioanalyzer.

Microcapillary electrophoresis for evaluating the quality of total RNA in control samples (C)
and macrophages infected by C. neoformans B3501 (B350) and Cap67 (CAP) strains in 4 hpi
(a) and 24 hpi (b).

Table Al. General results from high-throughput sequencing, filtering and mapping steps.

Sample RIN Totg;i?ase reads Mapping reads (%o)
Control1-4h 9.0 5.596.481.710  27.705.355 94.52
Control2-4h 9.1 4.686.462.620  23.200.310 90.31
Control 3-4h 9.3 5.273.550.976  26.106.688 92.39
B35011-4h 9.2 5.365.859.926  26.563.663 93.42
B35012-4h 9.5 4.288.727.650  21.231.325 95.31
B35013-4h 9.5 4.732.082.098  23.426.149 95.70
Cap671-4h 9.4 5.669.630.152  28.067.476 90.06
Cap672-4h 9.3 4.206.443.758  20.823.979 87.97
Cap673-4h 9.4 5.135.309.246  25.422.323 92.05
Control 1-24h 9.0 5.566.625.706  27.557.553 87.50
Control 2-24 h 9.8 4.641.297.036  22.976.718 94.96
Control 3-24h 9.5 5.403.955.712  26.752.256 91.13
B35011-24h 9.5 5.790.090.630  28.663.815 89.37
B35012-24h 9.1 5.623.060.870  27.836.935 93.67
B35013-24h 9.5 3.408.994.420  16.876.210 44.45
Cap671-24h 9.3 5.398.288.602  26.724.201 93.24
Cap672-24h 9.6 4512.243.882  22.337.841 92.60
Cap673-24h 9.5 4.864.007.894  24.079.247 94.82
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Considerac0es finais e perspectivas

Nesse trabalho, analisamos o perfil transcritbmico de fagdcitos (células dendriticas e
macrofagos) em resposta aos modelos de infecgdo por P. brasiliensis e C. neoformans a fim de
contribuir com um melhor entendimento das bases moleculares da interacdo patogeno-

hospedeiro.

Em termos gerais, o transcritoma de DCs apds interacdo com P. brasiliensis revelou que
a linhagem susceptivel apresenta uma resposta inflamatoria mais intensa e exacerbada. Dados
relevantes das andlises transcritbmicas revelaram a diminui¢cdo nos niveis de transcritos
relacionados a varios processos como acidificacdo do lisossomo, atividade catalitica e
autofagia. Tais processos podem afetar o processamento e, em consequéncia, a apresentacdo de
antigenos pelas DCs, provocando uma ativacao ineficiente da resposta imune na linhagem de
camundongos susceptivel. Esses resultados corroboram a importancia do background genético
do hospedeiro no desfecho da infeccdo por P. brasiliensis, ressaltando a possivel importancia
dos processos referidos acima.

Por outro lado, o transcritoma de macrofagos apos infeccdo por C. neoformans revelou
um atraso na ativacdo de uma resposta imune adequada no modelo de infeccdo pela linhagem
capsular. Este fendbmeno poderia favorecer as condi¢des de adaptacdo do fungo no ambiente
dentro do hospedeiro, possibilitando a ativacdo de atributos de viruléncia do fungo, que séo
necessarios para a sua sobrevivéncia e disseminacgdo. Além disso, foi demonstrada a modulacédo
da expressao de 21 miRNAs em macréfagos infectados pela linhagem capsular. Em contraste,
somente trés miRNAs foram modulados positivamente na infec¢do pela linhagem acapsular.
Considerando os niveis de inducdo, destacamos 0 aumento no acUmulo de miR-155.
Subsequentes andlises bioinformaticas dos genes alvos desse miRNA direcionam a possivel

relacdo do miR-155 na alteracdo da resposta inflamatoria dos macrofagos.

Uma avaliacdo mais aprofundada dos processos e vias alteradas/afetadas,
principalmente o processamento e apresentacdo de antigenos, poderia ser realizada in vivo ou
com diferentes tipos celulares, para avangar a compreensdo dos mecanismos moleculares da

susceptibilidade e resisténcia as infecc¢Ges fungicas.

Os resultados justificam o aprofundamento dos estudos visando: i) identificacdo da
funcdo desses miRNAs e 0s respectivos alvos mediante ensaios de perda da funcéo; ii)
identificacdo dos mecanismos/vias de ativacdo da transcricdo dos mMIRNAs usando

camundongos knock-out para genes que codificam PRRs; iii) participagdo de miRNAs nas
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diferentes vias de fagocitose de fungos patogénicos; iv) comparacdo da inducdo miRNAs e

outros tipos de ncRNAs em resposta a isolados fungicos com diferentes niveis de viruléncia.

Os resultados transcritbmicos geram uma grande quantidade de informacao, permitindo
que novos estudos abordem com maior especificidade achados de interesse identificados com
a analise abrangente dos dados. Os trabalhos aqui apresentados representam o ponto de partida
para novas abordagens em projetos futuros de nosso grupo de pesquisa, dando continuidade as
linhas de investigacéo.

Baseado nos resultados das anélises iniciais do transcritoma, abordamos um projeto de
pesquisa intitulado “Papel das vias de internalizagé@o de Cryptococcus neoformans no acumulo
de miRNAs e regulacéo da resposta imune inata contra o fungo”. Esse projeto financiado pela
FAP-DF encontra-se em andamento e estd permitindo a continuacdo da linha de estudos dos

miRNAs e contribuindo no desenvolvimento de outros projetos de doutorado e mestrado.
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ANEXO - Producdo cientifica durante o doutorado

Producéo cientifica relacionada com o tema da tese.
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